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Рге[асе 


This book deals with an elaboration of the landside accessibility of airports pro- 
vided by the road- and rail-based transport mode and their systems. The road-based 
systems are considered to be individual cars and vans, and bus systems. The 
considered rail-based systems are: the streetcar/tramway and LRT (Light Rail 
Transit), subway/metro, regional/intercity conventional rail, HSR (High-Speed 
Rail), TRM (TransRapid Maglev), still rather futuristic HL (Hyperloop), and PRT 
(Personal Rapid Transit) system. Although some airports are also accessible by 
bicycles, this alternative has not been particularly considered. 

The components and performances of the above-mentioned transport modes and 
their systems have been elaborated, i.e. described and modelled primarily while 
considering them operating in the given context, i.e. providing the airport landside 
accessibility. If necessary for understanding, the elaboration has been expanded by 
the additional details from the wider context. 

The book consists of six chapters. Chapter 1 is an introduction to the air transport 
system and its main components: airport, airlines, and ATC/ATM (Air Traffic 
Control/Management) system. The reason to start with such rather wide and general 
approach is to "position" the airport landside access modes and their systems within 
the wider (the air transport system and airport) context. Chapter 2 deals with the 
general concept of accessibility and its modelling including some specific charac- 
teristics of the airport landside accessibility. Chapter 3 describes the main compo- 
nents and performances of the above-mentioned road-based systems—conventional 
and automated cars and vans operating privately and as taxi services, and buses. 
Chapter 4 describes the main components and performances of the rail-based sys- 
tems such as: the streetcar/tramway and LRT (Light Rail Transit), subway/metro, 
regional/intercity conventional rail, HSR (High-Speed Rail), TRM (TransRapid 
Maglev), still conceptual HL (Hyperloop), and PRT (Personal Rapid Transit) sys- 
tem. Chapter 5 presents the analytical (rather basic) modelling of the infrastructural, 
technical/technological, operational, economic, environmental, and social perfor- 
mances of the above-mentioned systems. Chapter 6 elaborates the main principles of 
planning and design, the latter just as a preliminary outline, of these systems 
including the case-based example. Since each chapter ends with a summary, the 
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concluding chapter has considered not to be necessary. In addition, each chapter 
contains some qualitative and quantitative exercises. 

The main reasons and motivation for writing this book have been threefold. The 
first has been the author's involvement in teaching the course *Landside Accessibility 
of Airports" in the scope of the interfaculty minor course “Airport of the Future" at the 
Faculty of Aerospace Engineering of TU Delft (Delft University of Technology, Delft, 
The Netherlands). The course has aimed at the engineering students from all bachelor 
programmes offered by TU Delft interested in the aspects of planning, design, oper- 
ations, and management of airports. The second reason has been that just at the 
beginning of the lectures the students have asked for and preferred to have some kind 
of the handbook just on this topic. The last reason has been the lack of a rather wider 
elaboration of the topic in the existing academic and professional literature dealing 
with the airport engineering, operations, planning, and design. Therefore, not 
intending in any way to underestimate the existing highly appreciated mentioned 
valuable literature from I have been permanently learning during my entire 40 years 
academic and professional carrier, this book aims in some way to just complement to 
these just mentioned and to those also highly respectable on the urban public transport 
systems. 


Delft, The Netherlands Milan Janić 
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Сһар{ег 1 A 
Introduction Cheek tor 


1.1 General 


This Chapter presents an introduction to the main topic of the book—landside 
accessibility of airports provided by particular transport modes and their systems. In 
order to provide consistency of the approach, this topic is introduced starting from 
dealing with much wider scope—describing the main characteristics of the air 
transport system consisting of airports, ATC/ATM (Air Traffic Control/Management) 
system, and airlines, as its main components. In this context, the landside access 
transport modes and their systems are considered as the sub-component of airports. 

The above-mentioned components of the air transport system serve the users’ 
demand consisting of air passengers, airport and aviation employees, and freight/ 
cargo shipments. These components are characterized by performances such as the 
capacity and its utilization, the service quality provided to users, costs and revenues 
and their difference-profits, and the environmental and social impacts - externalities. 

The objectives of such initially broad approach are to provide a rather wide 
insight into the characteristics and performances of the air transport system and its 
components as an introduction to those of the airport landside access modes and 
their systems, the latest to be under focus in this book. 


1.2 Air Transport System 


1.2.1 Introduction 


The air transport system as a part of the entire transport system consists of the major 
components, such as demand and capacity. The demand includes users, i.e. air 
passengers and freight/cargo shipments. The capacity embraces resources in terms 
of labour, capital, and energy used by airlines, airports, and the ATC/ATM system 
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Fig. 1.1 Main components of the air transport system 


for providing services to users according to the dedicated national and international 
regulation, rules and procedures. In particular, the airports and ATC/ATM system 
are regarded as the “fixed” system’s infrastructure providing the space, facilities, 
and equipment for servicing users. In this context, the users, i.e. the air passengers, 
freight/cargo shipments, and airlines (aircraft), represent the demand for the “fixed” 
infrastructure. Regarding the relationship with users (passengers and freight/cargo 
shippers), the airlines provide the aircraft as the “mobile” infrastructure to serve 
them. The airlines, airports, and the ATC/ATM system use facilities and equipment 
supplied by the aerospace manufacturers according to the institutional (national and 
international) regulations, which guarantee safe, secure, efficient, and effective 
operations and services. In addition, the main components of the air transport 
system can be divided into physical and non-physical ones as shown in Fig. 1.1. 

As can be seen, the above-mentioned demand and capacity and their 
sub-components, and the facilities and equipment for processing different infor- 
mation (messages) exchanged between particular physical sub-components are 
considered as the physical components. The operational rules and procedures, and 
information/messages exchanged between particular physical components are 
considered as the non-physical components. The supply component of the air 
transport system includes airports, airlines, and ATC/ATM system. 


1.2.2 Airports 


1.2.2.1 Components 


In general, airports can have different size depending on the volumes of traffic they 
accommodate in terms of the air passengers, freight/cargo shipments, and atm (air 
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Fig. 1.2 Main supply components of an airport 


transport movements) during a given period of time (hour, day, year) (1 atm is one 
landing or one take-off) (De Neufville and Odoni 2003). Generally, each airport 
consists of the supply components generally embracing its airside and the landside 
area and their sub-components as shown in Fig. 1.2. 

The airport airside area consists of terminal airspace, runways and taxiways, and 
apron/gate complex, all intended to handle aircraft of different size (seating ca- 
pacity) operated by different airlines. The landside area consists of air passenger and 
freight/cargo terminal(s), technical complex, and landside access modes and their 
systems. The former two enable handling users-air passengers and freight/cargo 
shipments, respectively. The third provides infrastructure, facilities and equipment 
for aircraft maintenance, and fuel supply. The last enables accessibility of users-air 
passengers and freight/cargo shipments, airport employees, and others to/from the 
airport. 


(a) Airside area 
() Terminal airspace and airport zone 


The terminal airspace is a controlled airspace established around an airport in order 
to enable safe, efficient, and effective aircraft landings and take-offs on one or more 
airport runways. The arriving aircraft, continuously descending, usually follows the 
standardized approach trajectories connecting the terminal entry points to the 
runway landing threshold. Similarly, but in opposite direction, the departing aircraft 
follows departure trajectories after taking-off until the exit points of the terminal 
airspace while continuously increasing altitude. Just around the runways(s), the 
airport zone is also established as the cylindrical part of airspace spreading up to the 
height of 300 m GL (Ground Level). The simplified scheme of terminal airspace in 
the horizontal plane is shown in Fig. 1.3 (Janić 2009). 
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Fig. 1.3 Simplified scheme of the horizontal layout of terminal airspace around an airport 
operating two parallel runways (Јапіс 2001, 2009) 


As can be seen, the terminal airspace has four entry points where arriving and 


departing aircraft/flights can enter/leave it before landing/take-off, respectively, at 
two parallel runways operated by a given airport. 


(1) Runway system 


The runway system consists of one or few runways with five typical (theoretical) 
layouts (configurations) as follows (Horonjeff and McKelvey 1994; ICAO 2004): 


Single runway; 

Two parallel runways both used in the “mixed” mode, i.e. for simultaneous 
landings and take-offs or in the “segregated” mode, i.e. one exclusively for 
landings and another for take-offs; 

Two converging runways each used for both landings and take-offs; 

Two parallel plus one crossing runway each used for landings and take-offs; 
Two pairs of parallel runways of which the two outer are used for landings; and 
Two inner for take-offs or the two pairs of the crossing parallel runways of 
which one pair is used exclusively for landings and another for take-offs. 
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Figure 1.4a, b shows the simplified schemes of two above-mentioned runway 
layouts. As can be seen, these runways occupy the different areas of land. In 
general, these areas depend on the length, number, and layout/configuration. The 
minimal (standard) values of particular parameters of the above-mentioned layouts 
are specified as the recommendations and design rules (CAO 2004). 


(i) Taxiway system 


The taxiway system connects the runways to the apron/gate complex near and 
around passenger and cargo terminal buildings, the aircraft maintenance and fuel 
storage areas, and vice versa. The main criteria for designing the taxiway system are 
the smoothness and the shortness in terms of the time and distance of the aircraft 
manoeuvring to/from the runway(s). The design standards for taxiways include 
elements such as the width, curvature, minimum separation distances between 
taxiways and parallel taxiways, the longitudinal and traverse slopes, the sight 
distances, and the distances from the other objects. In addition to the taxiways 
connecting the runways to the apron/gate complex, there are the apron taxiways 
surrounding the airport or crossing it, and the aircraft stand taxi lanes, which as a 
specified part of the apron, enable the aircraft to reach the particular parking stands. 
The standards for these taxiways are the same as that for the taxiways between the 
runways and the apron/gate complex, and all are specified for particular aircraft 
categories (Groups) operating at airports. In addition, the angle between a centreline 
of an exit taxiway and a runway centreline can be 90°, 60°, 45°, and/or 30? enabling 
the aircraft to leave the runway after landings at different speeds thus influencing 
the runway occupancy time (FAA 1990; Horonjeff and McKelvey 1994). The 
simplified scheme of a taxiway layout is shown in Fig. 1.5. 

In addition to the angle to the runway centreline distance, the taxiways are 
characterized by their number and location from the runway landing threshold 
(Јапіс 2009). 


(iv) Apron/gate complex 


The apron/gate complex consists of the aircraft parking stands and the necessary 
facilities and equipment to serve the aircraft during their turnaround times. In 
general, the aprons can be divided into those for the passenger and those for the 
cargo and general aviation aircraft. In addition, some can be in front of the airline 
hangars and the maintenance bases. They can also be classified into those enabling 
the short aircraft turnaround time and those providing the aircraft long time parking. 
Specifically, the apron/gate complex for passenger aircraft can be divided into a part 
close to and a part remote from the passenger terminal building(s). Configuration of 
a given apron/gate complex generally depends on the configuration of the passenger 
terminal complex. The latter can be according to the linear, finger or pier, satellite, 
and transporter concept, and their variations. In addition, particular concepts of the 
terminal complex can be combined thus creating a “hybrid” concept. Figure 1.6a-c 
shows different layouts/concepts. 
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(b) San Francisco International airport (SFO) - two pairs of two 
closely-spaced parallel runways 


Fig. 1.4. Simplified schemes of the airport runway system layouts (ICAO 2004) 
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Fig. 1.5 Scheme of the 
runway’s high-speed exit oer ЗИН 
taxiway (Janić 2009) 
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The linear concept (Fig. 1.6a) implies facing the airport apron/gate complex 
with the aircraft parking stands/gates alongside the passenger terminal complex. 
In combination with the nose-in and/or the nose-out aircraft parking scheme, 
this concept enables an efficient and effective transfer of passengers between the 
passenger terminal building and the aircraft, and vice versa. In terms of flexi- 
bility for expansion, this concept enables easier extension and/or building the 
new apron/gate and/or passenger terminal complex modularly alongside the 
existing ones. 

The finger or pier concept (Fig. 1.6b) implies extending a finger or a pier from 
the main (central) terminal building deeper towards the airside area, i.e. taxi- 
ways and runways. Such fingers and/or piers are directly connected to the 
central terminal building. The aircraft parking gates/stands are usually arranged 
along both sides of particular fingers or piers with the nose-in aircraft parking 
alignment. They can be used in the flexible way for accommodating different 
aircraft types. Such pattern increases flexibility of utilization of fingers or piers. 
The satellite concept (Fig. 1.6c) implies a composition of the smaller physically 
separated (isolated) building units, i.e. satellites, connected mutually and to the 
main terminal building by the surface and/or the underground fixed and/or 
mobile connectors. These can be the fixed constructions, 1.e. corridors and/or the 
surface (or underground) mobile vehicles shuttling between them. In general, 
the satellite units can have the round or the rectangle layout, the later looking 
similarly like fingers or piers without the fixed connection with the central 
terminal. This concept enables independent operations of each unit-satellite or a 
concourse the centralized check-in. The security control can be either central- 
ized in the main terminal or decentralized in a given satellite unit. Anyway, the 
fixed (usually underground) connection between the unit and the main terminal 
needs to be provided. In addition, the walking distances within the satellites and/ 
or concourses as well as between these and the main terminal could be some- 
times relatively long and thus the time-consuming. As well, passing from one 
satellite unit to any other often takes place through the main terminal and as 
such can be also the very time-consuming. However, the aircraft can manoeuvre 
easier as compared to the above-mentioned two counterparts (Janić 2009). 


(v) Facilities and equipment 


The facilities and equipment are semi- and fully mobile devices needed to handle 
the aircraft in the airside area, and passengers and freight shipments in the landside 
area. In the airport airside area, there are generally two categories of these devices. 
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(b) Finger or pier concept: Amsterdam Schiphol Airport 
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(c) Satellite concept: Atlanta Hartsfield airport (U.S.) 


Fig. 1.6 Different layouts/concepts of the airport apron/gate complex (Janić 2009; http://www. 
skyteam.com/) 
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The first embraces the fixed components such as the lighting systems near and on 
the runways taxiways and the aprons enabling the aircraft smooth movement 
(landing, take-off, and taxiing) under the low visibility conditions (dark, dense fog, 
very low cloud, rain and snow storms). The navigational aids enabling approaching 
and departing the airport are not taken into account even though the lighting sys- 
tems might be a part of them. The other includes the vehicles serving the aircraft 
while entering and leaving the apron/gate parking stands, and those providing the 
aircraft servicing during their turnaround time. These are the refuelling, catering, 
cargo, and waste, the vehicles for collecting and delivering, i.e. transporting, pas- 
sengers and their baggage, and freight shipments, and the power supply vehicles. In 
the landside area, the mobile and the semi-mobile “interfaces” enable physical 
connection between the aircraft and the passenger terminal(s). For example, pas- 
sengers may use the airport buses (mobile units) in combination with the mobile 
stairs and/or the air-bridges (semi-mobile facilities) to pass from the terminal 
building to the aircraft, and vice versa. 


(b) Landside area 
(i) Passenger terminal complex 


The passenger terminal complex enables passage of users—air passengers from the 
airport landside access modes to their aircraft, and vice versa. Different facilities 
and equipment are deployed in passenger terminals to enable such passage as 
follows: 


e Processing areas: For departing passengers—the airline ticketing counters, the 
check-in counters, the security control desks, and the outbound baggage space 
for sorting and processing baggage for departing flights. For the arriving pas- 
sengers—the immigration (and security) control counters; the inbound baggage 
claim area, which consists of both the passenger waiting space and the baggage 
claim devices where the arriving passengers pick up their baggage; 

e Lounges: The central hall for both departing and arriving passengers; the 
departure lounges and the gate lounges where passengers usually wait for the 
next phase of service; 

e Circulation areas: The space for circulation of air passengers and the airport’s 
visitors; this consists of the areas such as the stairways, escalators, elevators, and 
the passages-corridors. The passengers use them to pass between different parts 
of the same terminal or between two closed terminals; 

e Service areas: The post office, telephones, the information desks, the washroom 
(s), the first aid, etc. 

e Concession areas: Bars, restaurants, tax and duty-free shops, banks, insurance, 
car rental, etc.; 

e Observation decks and the visitors’ lobbies: The VIP facilities; and baggage 
processing facilities and equipment (Horonjeff and McKelvey 1994; ICAO 
2004). 
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(1) Freight/cargo terminal(s) and technical complex 
These are not particularly considered because of being out of the scope of this book. 
(iii) Interfaces 


The interfaces are located on the landside of the passenger and freight terminal(s) 
towards the airport catchment area. They include the static and mobile components 
and the supportive equipment. In particular, for passengers, the static objects are 
parking areas for private cars and taxicabs and the loading and the unloading 
platforms, and rail and bus stations (terminals). The mobile components are esca- 
lators and moving walkways enabling direct and efficient movement of passengers 
from the parking areas, bus and rail terminal(s) to the airport terminal, and vice 
versa, In addition, there are the intra-airport transport systems consisting of mini- 
and standard buses, trains, long moving walkways, etc., which usually operate at 
the large airports enabling passengers efficient transfer between rather distant ter- 
minals (Janić 2001, 2009). 


(v) Landside access modes and systems 


The landside access modes and systems comprise the road- and rail-based mode and 
their systems. The former includes the systems such as cars and vans, and buses. The 
latter generally embraces the streetcar/tramway, LRT (Light Rail Transit), subway/ 
metro, regional/national conventional and HSR (High-Speed Rail), TRM (Trans Rapid 
Maglev), and recently futuristic HL (Hyperloop) system. In some cases, PRT (Personal 
Rapid Transit) system can also be conidered. While serving many large airports, both 
above-mentioned modes and their systems usually operate together through coopera- 
tion and competition. At the smaller regional airports, most frequently only the road- 
based transport mode and its systems operate (De Neufville and Odoni 2003; Horonjeff 
and McKelvey 1994; Janić 2009). Figure 1.7 shows the simplified scheme. 


1.2.2.2 Performances 


The main performances of the airports and their particular components considered 
in this context are only the operational ones such as (a) Demand, (b) Capacity, and 
(c) Quality of services. The other also important airport performances—economic, 
environmental, social—have been elaborated in the dedicated literature (Janić 
2007). 


(a) Demand 


The demand has shown to be one of the most important planning and operational 
performances of airports. This is usually considered in terms of the number of atm 
(air transport movement(s)), passengers, and volumes of freight shipments 
requesting service during a given period of time (hour, day, month, year) (1 atm is 
either 1 landing or 1 take-off). In the airport airside area, the number of atm from 
the past period could be used as an ingredient for forecasting the future demand as 
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Fig. 1.7 Simplified scheme of the airport landside access modes and their systems 


well as the long-term planning of the airport airside capacity. In the airport landside 
area, the number of passenger per a period of time (hour, day, month, year) has 
been relevant for operation, planning, and design of the passenger terminal(s), 
interfaces, and the landside access modes and their systems (Ashford and Wright 
1992; De Neufville and Odoni 2003; Horonjeff and McKelvey 1994). 


(b) Capacity 


The capacity expresses capability of a given airport to accommodate the expected 
demand in both the airport airside and landside area during different periods of time 
(hour, day, month, year). The capacity is usually defined as the maximum number 
of units of demand, which can be accommodated during a given period of time 
under given constraints. The capacity of the airside area is determined for the 
runway system, taxiways, and the apron/gate complex. The capacity of these 
components (if there are no the other constraining factors) mostly depends on the 
operational factors such as the “constant demand" for service ( "ultimate" capacity), 
and the “average delay" per unit of the accommodated demand (“practical” ca- 
pacity). However, in many cases, the various economic and environmental con- 
straints may affect the airport operational capacity. In such cases, the concept of the 
airport economic and/or the airport environmental capacity can be introduced 
(Caves and Gosling 1999; DETR 2002; Janić 2001, 2009). The capacities of par- 
ticular airside components should be balanced in order to avoid creation of the 
“bottlenecks” and consequent the adverse effects such as congestion and delays and 
the related overall impacts. Figure 1.8a, b shows examples of the “ultimate” and 
"practical" capacity of the runway system at selected airports. 
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(b) The "ultimate" and "practical" capacity at London Heathrow airport 
(London, UK) 


Fig. 1.8 Examples of the capacity of the runway system at selected airports (Jani¢ 2009) 


In particular, Fig. 1.8a shows the “ultimate” capacity of the given runway sys- 
tem expressed by the number of landings and take-offs (atms) in dependence on 
each other. Increasing the number of landings in the given case decreases the 
number of take-offs, and vice versa. Figure 1.8b shows that the “practical” capacity 
is lower than its “ultimate” counterpart. It can be increased and consequently 
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approached closer to the “ultimate” capacity by imposing a longer average delay 
per an atm requesting service (in this case a landing). 

The capacity of the airport landside area embraces that of passenger and freight 
terminal complex. In particular, for the passenger terminal complex, the capacity of 
particular components regarding their basic function can be determined as follows 
(Janić 2001): 


(i) Processors, i.e. the servers for passengers and their baggage; 
(1) Reservoirs, i.e. the waiting areas for passengers (and their accompanies) and 
their baggage; and 
(iii) Links, i.e. the space equipped with the facilities and devices connecting the 
processors and the reservoirs. 


The processors serve passengers along their way from the airport landside access 
modes and systems to the aircraft, and vice versa. The reservoirs provide space for 
passengers' queuing and waiting for the particular phases of their servicing process. 
The links designated as the long halls with the passageways, walkways, and 
escalators connect the particular processors and the reservoirs. Two concepts of the 
capacity for the passenger terminal(s) and its components can be considered. The 
"static ultimate" capacity implies the maximum number of passengers (occupants) 
in an area of a given size when each occupant is provided with the minimum space. 
The “dynamic ultimate" capacity implies the maximum processing/service rate of a 
given processor (Janić 2001, 2009). 


(c) Quality of services 


The quality of services is the outcome from the relationship between the current 
demand and capacity. In the airport airside area, this is usually expressed by the 
average aircraft delay during its landing and/or take-off. If related to the flow 
throughput, this acceptable average delay represents an element of the 
above-mentioned airport's “practical” capacity (Јапіс 2001, 2009). In general, delay 
is defined as the difference between the actual and the scheduled time of passing 
through a given "reference location". The threshold for either an arrival or a 
departure delay is 15 min behind the scheduled time (AEA 2001/5; BTS 2001; EEC 
2002; Janić 2009). The quality of service in the passenger terminal(s) has been 
expressed by the specified space standards for passengers while being in the par- 
ticular processing/service phases (IATA 1989; ICAO 2004). In order to determine 
the size of particular areas in the passenger terminal, which will guarantee a certain 
quality of service, the corresponding number of passengers (occupants) expected to 
be simultaneously in these areas should be multiplied by the relevant (selected) 
space standards. Then, the obtained space has to be enlarged for the space required 
for installing the appropriate service facilities and equipment (Janić 2001, 2009). 
Consequently, the quality of service appears to be one of the main determinants of 
the layout and the size of a given passenger terminal(s). The quality of services 
provided to air passengers using the landside access modes and their systems is 
usually expressed by the length and variability of access time, travel comfort, 
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convenience of handling baggage, and travel cost. As expressed in terms of the 
users’ generalized cost, these attributes influence a choice of the airport access 
system (mode). The importance of particular attributes may vary depending on the 
volume and the structure of demand, and the trip purpose (Ashford et al. 1997; 
Janić 2009). 


1.2.3 Airlines 


1.2.3.4 Components 


The individual airlines and their alliances constitute the airline industry. The main 
components of airlines are their aircraft of different size/capacity and range, and the 
air route networks characterized by their spatial configuration and the number of 
routes. 


1.2.3.2 Performances 


The main airline performances considered in this context are: (a) Technical/tech- 
nological and (b) operational. The others—economic, environmental, and social 
performances—are elaborated in the dedicated literature (Janić 2009, 2011). 


(a) Technical/technological performances 


The airline technical/technological performances are expressed by their aircraft size 
in terms of payload (i.e. in this case, seating capacity), operating speed, and the 
number of different aircraft types in the fleet. These have been continuously 
improving through the “aircraft capabilities", “airline strategy", and “governmental 
regulation" (Boeing 1998). The development of the "aircraft capabilities" such as 
the speed, payload, and take-off weight has been of the greatest importance, since 
they have mostly affected the other two sub-processes, and vice versa. Specifically, 
the aircraft speed has increased over time (Horonjeff and McKelvey 1994). In 
addition, the aircraft size, 1.e. payload capacity, has also increased on the one hand, 
in combination with diversity of the aircraft types, on the other. For example, the 
size of today's aircraft ranges from small, e.g. 30—50 seats, to that of more than five 
hundred seats such as Airbus A380 with a capacity of 5-6 hundreds seats. Such 
development has contributed to increase in the aircraft technical productivity, 
considered as the product between the aircraft payload capacity and the realized 
speed on a given distance. This productivity implies the passenger (or ton) kilo- 
metres (miles) realized per unit of time on a given non-stop route (Horonjeff and 
McKelvey 1994; Janić 2001, 2009). 
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(b) Operational performances 


The operational performances include the airline (i) demand, (ii) capacity, and 
(ш) quality of services. 


(i) Demand 


The airline demand is commonly expressed by the number of transported passengers 
and/or the volumes of freight, as well as by the amount of p-km (passenger-kilometre 
(s)) and/or t-km (ton-kilometres) carried out during a given period of time (day, 
month, year). In both cases, one p-km or t-km, respectively, implies one passenger or 
one ton of cargo carried out over the distance of one kilometre (instead of kilometres, 
statute miles are also frequently used: 1 mile = 1.609 km). In some cases, the p-km 
and t-km are aggregated after converting 10 p-km into one revenue t-km. In general, 
these volumes increase with increasing of any or both influencing factors simulta- 
neously. In order to realize the large volumes of p-km on the short-haul distances, the 
airline should carry out a larger number of the shorter flights, of course, if the 
passenger demand justifies it. The number of flights on the longer distances, again 
justified by the passenger demand, can be lower in order to realize the equivalent 
volume of the revenue p-km. The external and internal forces drive the airline de- 
mand. Historically, the external forces have been the economic growth at both the 
local micro- and the global macro-level, and diminishing (in real terms) of the 
airfares. The economic growth has been materialized through the growth of the local 
(regional) and the global GDP (Gross Domestic Product). Some analyses have shown 
that between about two-thirds and three-fourths of the growth of the airline demand 
has been attributed to the growth of the global GDP. The airfares have generally 
diminished significantly in the real terms since the 1980s, primarily thanks to 
increasing of the aircraft and the airline productivity, mainly through improvements 
in the aircraft technology, management of resources, increased competition, and 
expansion of the LCC (Low-Cost Carrier(s)). The latest has emerged with a radically 
different business model than that of the full cost (legacy or the network) airlines. In 
many regions, the LCC has been one of the main driving forces of the overall airline 
demand. The internal demand driving forces have included the flight frequency, 
sophisticated pricing, the revenue (yield) management, and the different promotional 
and loyalty programs. The volatility of the fuel prices may become an important 
internal force, leading to increase in the airfares, which in turn may slow down or 
even, in particular cases, compromise the future growth of the airline demand (Jani¢ 
2009). The airline demand has usually been forecasted for the future short-term (day, 
week, and/or month) and long-term (one year and/or longer) period of time. This can 
be carried out for a single airline, the airline alliance(s), or the entire airline industry. 
As far as the geographical scale is concerned, the forecasting can be carried out for a 
single airline route, a part or the whole airline and/or its alliance’s network(s), as well 
as for the entire airline industry of a given country and/or region (continent) (Swan 
and Adler 2004). 
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Table 11 Some Aircraft type Capacity (seats) Range (nm)* 
characteristics of the 
contemporary commercial The short haul 
aircraft (https://contentzone. ATR-42 42-50 1700 
eurocontrol.int/ ATR-72 72 1500 
aircraftperformance/details. A318 107 1500 
aspx ?ICAO=E190&) CRI-200 50 1000 

CRJ-700 70 1687 

The medium haul 

A319 124 1700 

A320 150 2700 

B737 128-149 2500 

The long haul 

A330 253-293 6750 

A350 315-366 8100 

В777 305—440 5955 

В787 210—250 8100 

A380 555 8000 











*nm—nautical mile; 1 nm = 1.852 km 


(1) Capacity 


The airline capacity is expressed by the size and composition of airline fleet. The 
conventional/legacy airlines usually operate different aircraft types characterized by 
their seating- and/or cargo-volume capacity. Table 1.1 shows some relevant char- 
acteristics of particular aircraft types shown in Fig. 1.9a—c such as seat capacity and 
range. 

As can be seen, despite similar overall shape, these aircrafts are quite different in 
terms of seating capacities and range. They are scheduled over the networks con- 
sisting of the air routes connecting airports at different distances. In general, the small 
regional, the medium narrow-bodied, the wide-bodied, the large narrow-bodied, and 
the wide-bodied aircraft operated by the conventional/legacy airlines serve the re- 
gional short, the continental medium, and the intercontinental long-haul routes, 
respectively (AEA 2005). The LCC usually operates the networks with short- and 
medium-haul routes using the uniform aircraft fleet consisting mostly of a 
single aircraft type—in most cases, these are B737 and/or A319/320 aircraft. 
Figure 1.10a-c shows simplified schemes of layouts of airline networks implicitly 
indicating the concentration of flights at particular network nodes—airports 
included. 

In general, the practice has shown that the LCC have usually operated the 
“point-to-point” networks. In some cases, these networks have more than one base 
airport like in case of Southwest airline in the US and Ryanair in Europe. The 
legacy airlines and their alliances (more than one airline operating under the 
specified alliance agreements) have established single and/or multi-hub-and-spoke 
networks. Some examples in Europe are those operated by STAR alliance with 
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(a) Bombardier Canadair Regional Jet - CRJ 200/700 
(https://www.google.nl/search? CRJ&oq=imagestof+CRJ&gs/) 





(b) Boeing 737-800 
(https://www.google.nl/search?q=images+of+boeing+737&tbm/) 











(c) Airbus 330-200 
(https://www.google.nl/search?newwindow330&o0g=imagestof+airbus+330&gs/#) 








Fig. 1.9 Examples of the regional short-, medium-, and long-haul contemporary commercial 
aircraft 
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Lufthansa airline as a leader with a single hub at Frankfurt airport (Germany). The 
other is SkyTeam alliance led by Air France-KLM airlines with hubs at Charles de 
Gaulle (Paris, France) and Schiphol airport (Amsterdam, The Netherlands). In the 
USA, Delta airlines have operated the hub-and-spoke network with seven hub 
airports (Janić 2009). 


(ш) Quality of service 


The airline quality of service is considered as an outcome from the dynamic 
interaction between the demand and the capacity. This quality is expressed by 
different attributes related to the airline operations and schedule such as the flight 
frequency, regularity, reliability, and punctuality of particular services/flights, type 
of aircraft, and load factor (Janić 2001). 

The flight frequency on a given route implies the passenger schedule delay, i.e. 
the waiting time for the first available departure. The attitude behind this attribute of 
the quality of service is that passengers generally lose their time while travelling but 
particularly while waiting for the available service, i.e. the first next departure flight. 
Regularity implies provision of flights on a given route on a regular basis, i.e. on 
certain days each day at the same time (e.g. these can be the morning, midday, and 
the evening departures during the weekdays). Reliability implies the percentage of 
realized flights as compared to the number of scheduled flights during a given 
period of time (day, week, and year). In many cases, the unexpected technical 
failures as well as the external disruptive events such as a bad weather and the 
terrorist threats can cause cancellation of particular flights. These are generally 
considered as damageable for both users, i.e. passengers and freight shippers, on the 
one hand, and the affected airlines, on the other, for both due to the increased costs. 
Punctuality relates to the percentage of flights arrived according to the schedule and 
the length of delay of the delayed (unpunctual) flights. The arrivals up to 15 min 
behind the scheduled time are not considered as delayed. The causes similar to 
those influencing the reliability as well as the traffic congestion can affect the airline 
schedule and cause the flight delays. However, in this case, the intensity of impact 
of particular causes is weaker, thus enabling flights to be carried out anyway (Janić 
2001). Delays represent a loss of time for the affected actors, the service users 
(passengers and freight shippers) and the service suppliers, i.e. airlines. They extend 
the block time of the affected flights and consequently may require an engagement 
of the additional aircraft fleet and the other supporting resources (staff). These might 
raise the costs and thus compromise the airline's overall profitability. In addition, 
delays can also cause additional fuel consumption and the associated emissions of 
air pollutants. 

The airline quality of service has also some other attributes such as the quality of 
in-cabin service, reliability of handling passenger baggage, loyalty programs, and 
convenience of passenger handling at the gates of the departure and the arrival 
airports. From the point of view of passengers and other actors involved, particular 
attributes of the airline quality of service can be of different levels of importance, 
which enables the systematic ranking of airlines. The AQR (Airline Quality 
Ranking) program in the USA has represented such an example (Jani¢ 2001). 
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Fig. 1.10 Different spatial layouts/configurations of the airline networks 


1.2.4 ATC/ATM (Air Traffic Control/Management) System 


1.2.4.1 Components 


The ATC/ATM (Air Traffic Control/Management) is the third crucial component of 
the air transport system. It consists of the controlled airspace over the countries, 
continents, and oceans, radio-navigational facilities, and equipment located on the 
ground and in the space (satellites) and their complements in the aircraft, and the 
operating staff (i.e. the air traffic controllers). The system functions according to the 
specified operating rules and procedures enabling safe, efficient, and effective 
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guidance of the individual aircraft and the air traffic flows as well. The local АТС/ 
ATM around airports controls/manages incoming and outgoing aircraft thus 
enabling the efficient, effective, and safe use of the available capacity of the airport 
airside area infrastructure. The same relates to the other parts of the controlled 
airspace. 


1.2.4.2 Performances 


The performances of the ATC/ATM system relevant in this context are: 
(i) Technical/technological performances, and (ii) Operational performances. The 
economic, environmental, and social performances are elaborated in the dedicated 
literature (Janić 2007). 


(a) Technical/technological performances 


The technical/technological performances include (1) Organization of airspace and 
(1) facilities and equipment. 


(i) Organization of airspace 


The ATC/ATM established over a given airspace provides safe, efficient, and 
effective air traffic implying respecting the separation rules and serving aircraft/ 
flights without conflicts, and smooth movement along the fuel-cost optimal tra- 
jectories between the origin and destination airports without deviations caused by 
the ATC/ATM reasons, respectively. In order to fulfil the above-mentioned 
requirements, the airspace is divided into the smaller parts regarding the traffic 
intensity (density) and complexity as two levels: (i) the airport zones, terminal 
areas, and the Low and High Altitude en route areas; and (ii) division of each of 
these areas into the smaller parts called the *ATC/ATM sectors" each being under 
jurisdiction of one or of a team of the air traffic controllers. Figure 1.11 shows the 
simplified scheme of such airspace division at the first level in the vertical plane. 

As can be seen, the airspace is divided into AZ (Airport Zone) up to the height of 
300 m, TMA (Terminal airspace) covering horizontally the area with a radius of 
about 40—50 miles (1 nm = 1.852 km) and spreading vertically from the height of 
300 m to FL (Flight Level) 100 (10,000 ft), LA (Lower Altitude) airspace up to the 
FL 245 (24,500 ft), and HA (High Altitude) airspace above (Each Flight Level 
represents a constant altitude of 10? ft (1 ft-0.305 m) (ft—feet). The flows of 
arriving and departing aircraft/flights are managed in TMA (Terminal Area) and AZ 
(Airport Zone). They fly through TMA along the prescribed arrival and departure 
trajectories defined by the radio-navigational facilities and/or the ATC radar vectors 
(see Fig. 1.3) (ICAO 1989, 1996). Each flight can be carried out according to the 
VFR (Visual Flight Rule) or the IFRs (Instrument Flight Rules). The VFR flights 
can take place exclusively under the VMCs (Visual Meteorological Conditions). 
The ТЕК flights can be carried out under both the VMC and the IMCs (Instrument 
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Fig. 1.11 Simplified scheme of division of the ATC/ATM system airspace in the vertical plane 
(Janić 2001) 


Meteorological Conditions). The influence of application of these rules is reflecting 
on the airport runway system capacity as can be seen in Fig. 1.8a (ICAO 1996; 
Janić 2009). 


(ii) Facilities and equipment 


The ATC/ATM uses two categories of facilities and equipment: (1) The commu- 
nications and navigation facilities and equipment located both on the ground, in the 
airspace, and on board the aircraft, and (ii) the surveillance equipment with par- 
ticular components on the ground, in the airspace, and on board the aircraft. In 
general, the communication channels include that for transmission of information 
between the pilots and the air traffic controller(s), communication between partic- 
ular ATC/ATM control units, and those providing the exchange of information 
between the ATC/ATM and the other actors involved in the air traffic control. The 
navigational facilities and equipment include the ground aids and the airspace 
satellites. Both allow the aircraft to perform the primary navigation. The surveil- 
lance facilities and equipment embrace primary and secondary (beacon) radar SSR 
(Secondary Surveillance Radar) and Mode S system. Radar enables the air traffic 
controllers to monitor on the radar screen the separation between aircraft. In the 
advanced ATC/ATM systems, the surveillance capability is significantly improved 
by the ADS-B (Automatic Dependent Surveillance-Broadcast) system as a com- 
plement to the SSR, which enables the aircraft to broadcast information about their 
position and the other flight parameters relevant for the traffic controllers periodi- 
cally. In addition, A-SMGCS (Surface Movement Ground Communication System) 
is developed to enable surveillance, guidance, and routing of the aircraft while on 
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the ground under all local weather conditions (Horonjeff and McKelvey 1994; Little 
2000). In particular, the recently developed innovative communications, navigation, 
information, and surveillance technologies allow implementation of the innovative 
procedures and consequently enhancement of the ATC/ATM system capacity on 
the one hand, and improvement of the utilization of the existing capacity on the 
other. Such improved capacity should enable more efficient, effective, and safer 
accommodation of the growing demand implying the lack of the air traffic accidents 
and less congestion and delays (Little 2000). 


(b) Operational performances 


The operational performances embrace: (i) demand, (ii) capacity, and (iii) quality of 
services. 


(i) Demand 


The existing and prospective demand number of atm during given period of time at 
a given airport represents the demand for the corresponding local ATC/ATM unit. 
For the short-term prediction of the air traffic controller workload, the hourly 
number of flights is relevant. For the long-term strategies of accommodating de- 
mand, the annual number of flights is relevant. This number is also important for 
planning the long-term development of the ATC/ATM capacity. In any such case, 
these numbers should include all categories of aircraft/flights such as those of the 
commercial airlines, air taxi/commuters, general aviation, and military operations 
(FAA 2005). 


(1) Capacity 


The capacity of a given ATC/ATM sector (unit) is usually expressed by the 
maximum number of aircraft/flights served during a given period of time under 
given conditions. This capacity embraces that of the components such as the air- 
space around a given airport, the air traffic controllers, and the communication 
links. In particular, in order to estimate the capacity of a given ATC/ATM sector the 
air traffic controller workload needs to be considered and estimated. This mainly 
depends on the number, duration, and order of execution of particular control tasks— 
activities performed for the aircraft/flights passing through a given sector according 
to a given pattern during a given period of time should be considered. These tasks 
are executed by generally monitoring the current air traffic situation on the radar 
screen, and receiving/processing (decision-making) and delivering the oral and/or 
digital instructions to the aircraft (Janić 2001; Majumdar and Polack 2001). 


(iii) Quality of service 


The quality of service of the local airport’s ATC/ATM unit implies continuous 
performing the control function under the given conditions by: (i) providing a safe 
separation between the individual aircraft according to the prescribed separation 
rules and procedures, and (ii) providing a safe, efficient, and effective guidance of 
the air traffic flows between airports. The quality of services in the given context is 
usually expressed by the aircraft/flight delay, which is often considered in 
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combination with the safety and the fuel efficiency of the assigned arrival and 
departure trajectories. These delays are imposed under conditions when the demand 
exceeds the capacity (Janić 2001). 


13 Summary 


The air transport system consists of three main components: airports, airlines, and 
АТС/АТМ (Air Traffic Control/Management) system. The system has been contin- 
uously growing in terms of the number of passengers handled and consequently 
increasing pressure on the available capacity of its fixed components— particularly 
airports. These together with airlines and ATC/ATM system have been matching 
such growing passenger demand efficiently, effectively, and safely, while at the same 
time mitigating the impacts of their operations on the environment and society, i.e. 
operating in more sustainable way. Such development has required a description of 
the particular sub-components and analysis of their performances. The main 
sub-components of airports are considered to be the airside and landside area, and 
particularly in the latter—the road- and rail-based landside access systems. Those of 
the airlines are considered to be their aircraft fleets and their structure in terms of 
different aircraft size. The sub-components of the ATC/ATM system are considered 
to be the airspace and the navigational facilities and equipment on the ground, in 
airspace, and at the airline aircraft. At all three air transport system's components and 
their sub-components, the operations and related activities are carried out according 
to the specified rules and procedures. The characteristics of the passenger demand, 
the above-mentioned supply components, and their sub-components including the 
way of their matching by the specified operational rules and procedures under given 
conditions have influenced the performances of the main system's components. 
These performances are analysed by means of the selected attributes as indicators and 
measures. Consequently, those of the infrastructural, technical/technological, opera- 
tional, economic, environmental, and social performances for the three system's 
components are considered. Such a rather wide approach has enabled “location” of 
the importance and related problems of the sub-component of the airport landside 
area—the landside access modes and their systems—and their further exclusive 
elaboration though the forthcoming chapters. 


1.4 Exercises 


1.1 What is the air transport system? 
1.2 Explain the term "system" in the given case. 
1.3 Describe the structure of air transport system. 
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1.4 What are the main components of the air transport systems and their 
main functions? 
1.5 Explain the main components of airports and their functions. 
1.6 Elaborate the performances of airports including the most important 
factors influencing them. 
1.7 Explain the main components of airlines and their functions. 
1.8 Elaborate the performances of airlines including the most important 
factors influencing them. 
1.9 Explain the main components of ATC/ATM (Air Traffic Control/ 
Management) system and their functions. 
1.10 Elaborate the performances of ATC/ATM system including the most 
important factors influencing them. 
1.11 Explain the relationships between the main components and perfor- 
mances of the airports, airlines, and ATC/ATM system. 
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2.1 Introduction 


In general, the accessibility has been defined as a measure of easiness of reaching 
goods, services, activities, and intended destinations, which together are called the 
opportunities. This means that the accessibility as a measure implies existence of 
spatial separation of particular activities carried out daily by people. In general, the 
accessibility is achieved by using different (motorized) transport modes and their 
systems, particularly in the cases when the locations of activities (business, leisure) 
are relatively far from the households, in both urban and suburban areas. Otherwise, 
walking and biking are also the available/possible (non-motorized) access mobility 
alternatives (Morris et al. 1979). 

Two concepts of accessibility have been defined (Rodrigue et al. 2009). The first 
relates to “location” where the accessibility of particular places is estimated relative to 
the available transport infrastructure and transport services. The other is “distance” 
connecting any pair of locations by using any transport mode and its systems. As such, 
it represents resistance between given locations, which can also be expressed in terms 
of time, cost, energy consumption, etc. In the given context, the so-called topological 
accessibility related to transport networks is of relevance as an important attribute of 
transport nodes, in this case airports. As well, the accessibility indicates differences 
and inequalities of locations in different spatial structures with respect to distance and 
in many cases time and related costs. Figure 2.1а—с shows an example of these 
accessibility inequalities for a given road network. 

As can be seen in Fig. 2.1a, the accessibility of a user being at the end of a given 
road is possible only to other locations in one direction characterized by the 
smallest number of locations to be accessed within a given distance/time. 
Figure 2.1b shows that user located in the middle of a given road can access 
locations in both directions of a given road in larger numbers within given distance/ 
time budget in both directions. Finally, Fig. 2.1c shows that the user located at the 
crossroad is able to access the greatest number of locations within the specified 
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Fig. 2.1 Accessibility influenced by the spatial structures 
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distance/time budget compared to the previous cases. In addition, depending on 
transport mode and its systems, the area of spatial structure with location of par- 
ticular accessibility opportunities can change depending on the elements of mobility 
such as speed and time. This is clearly noticeable while considering accessibility of 
airports, which is usually expressed in terms of time, speed, distance, and costs 
between these airports and locations of the origin and destination of the air pas- 
sengers in their catchment areas. 

The airport catchment area is the area around a given airport from where the air 
passengers tend to use it. This area is characterized by its surface and population. 
The ratio between the two is the density of population within the area. 

The surface of airport catchment area generally depends on the performances of 
the available airport landside access modes and their systems such as the access 
distance, speed, and their relationships—time. The simplest way to estimate the 
surface of an airport catchment area is to draw the concentric circle(s) around it 
covered by the specified access time of let say 1-2 h by any landside access mode 
and its systems (Lieshout 2012). Figure 2.2 shows an example of changing the 
surface of catchment area of the Prague airport by changing its access time limit 
(Prague, Czech Republic). 

As can be seen, with increasing the time limit, the surface of the given airport 
catchment area increases. The shape reminds to that of the concentric cycles. 
Different colours of the particular “circles” indicate different population densities, 
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Fig. 2.2 Extension of an airport catchment area by increasing the landside access time limit 
(https://www.google.nl/search?q=airport+catchment+area/) 
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which is, in the given case, higher within the narrower circles. In addition, Fig. 2.3 
shows an example of changing the surface of catchment area of an airport by 
accessing it at different speeds within a given time limit. 

As can be seen, by increasing the access speed within a given time limit, the 
surface of an airport catchment area again increases. As well, Fig. 2.4 shows the 
relationship between the population and the surface of the airport catchment area for 
the selected European airports (DLR 2010). 

As can be seen, the population in catchment area differs at particular airports and 
at the same time generally increases more than proportionally with increasing of the 
size of this area. This indicates that by widening the size of catchment areas the 
population within them generally tends to increase. Consequently, these airports 
could, despite increasing of the access distance, count also on the prospectively 
higher O-D (Origin-Destination) passenger demand. This however happens only 
under conditions that the access speed and consequently the access time by the 
available landside access modes and their systems are reasonable, i.e. acceptable, 
depending on the selected flights and destinations. 

As well, in general, accessibility can be considered from the aspect of different 
actors/stakeholders involved as follows: 
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Fig. 2.3 Changing the spatial size of an airport catchment area depending on the access speed 
within a given time limit 
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Fig. 2.4 Relationship between the population and size of the catchment area of the selected 
airports (DLR 2010) 


(a) Transport planners generally focus on mobility, particularly on travel of pas- 
sengers and transportation of freight/cargo shipments by corresponding vehicles 
operated by different transport modes and their systems. 

(b) Land use planners generally focus on the geographic accessibility, i.e. distances 
between particular activities of human population. 

(c) Communications experts focus on telecommunication scale, scope, and quality 
of related services such as the portion of households with access to telephone, 
cable, and/or Internet. 

(d) Social service planners focus on accessibility options for specific groups of 
people to the specific services such as disabled people's ability to reach the 
medical clinics and recreation centres. 


Consequently, from the aspects of transport and land use planners, two groups of 
factors have generally influenced accessibility, respectively: (a) transport demand 
and activity factors and (b) land use factors. The transport demand and activity 
factors generally embrace: 


(a) Mobility; 

(b) Transport options and their suitability; 

(c) Transportation network connectivity; 

(d) Integration of transport services, terminals, and parking areas; 
(e) Mobility substitutes; 
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(f) Prioritization of trips; 
(g) Travel costs; 
(h) User information. 


The land use factors generally include the planning and management of devel- 
opment of the spatial structures by strictly including transport as a component while 
optimizing the overall accessibility for most prospective users. 


2.20 Modelling Accessibility 


Over the past decades, different models for measuring accessibility have been 
developed and applied mainly to investigate interactions within particular spatial 
structures. In such context, the transport infrastructure and its interactions with 
other economic activities have shown to be of the particular interests. 
Consequently, different indicators and their models have been defined and devel- 
oped, respectively, enabling analysis of accessibility not only from the topological 
point of view but also respecting some economic and social components. 
Consequently, these indicators and models have enabled both trip-based and 
activity-based measuring of accessibility (Dong et al. 2006; Reggiani and Carlos 
Martin 2007). 


2.2.1 Trip-Based Indicators/Measures 


In general, the trip-based indicators/measures enable assessing accessibility by 
examining given type of trips and neglecting other factors like scheduling or trip 
chaining. According to Handy and Niemeier (1997), the measures of these indi- 
cators have been classified into isochrones, gravity-based, and utility-based. 


2.2.1.1 Isochrones Indicators/Measures 


The isochrones indicators/measures of accessibility are based on counting of the 
number of opportunities, which can be reached within a given travel distance, time/ 
speed, and/or by imposed generalized travel cost. For example, if the locations of a 
given type of opportunities are uniformly distributed in a given area, the accessi- 
bility indicator/measure of a given location (i) and any other randomly selected 
location in terms of the average travel time between them has been estimated as 
follows (Allen et al. 1993): 
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p t 
Ama i=1,2,...,N (2.1) 
jzi 
where 
aj isthe travel time between the locations (i) and (j) (min). 


М 15 the number of locations in a given area. 


In addition, according to the location theory, the indicator/measure (A); in 
Eq. 2.1 is considered as the median point of the given area. After summing up the 
indicators/measures of accessibility (A;)-s over (№) locations, the overall area ac- 
cessibility index (E) can be obtained from Eq. 2.1 as follows (Allen et al. 1993): 
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where all symbols are analogous to that in Eq. 2.1. 

The value (Е) in Eq. 2.2 gives the average travel time between any two ran- 
domly selected locations in a given area. In addition, it represents an indicator of the 
area’s overall accessibility by giving the degree of interconnection between loca- 
tions in the area. As well, it expresses the resilience in overcoming the spatial 
separation within the area. 

An indicator/measure of the integral accessibility combining the demand and 
supply component relates to accessibility of the public transport modes and their 
systems in a given zone (i). This can be estimated as follows (Morris et al. 1979): 


_ xn TES 
where 


fw) is the service frequency of a given public transport system (m) in the zone 
(i) during time (т). 


М; is the number of systems of different public transport modes operating in 
and around zone (i). 
P; is the area of zone (i) (km?). 


As well, an additional indicator/measure called the daily accessibility indicator is 
expressed as follows (Gutierrez 2001): 


J 
Ai = 5 Ôj а; (2.4) 
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where 


а; are the opportunities in the zone (j). 
6; isa measure of resistance between the zones (i) and (j) (min, km, or $US or €). 


J is the number of zones accessible from the zone (i). 


In Eq. 2.4, it is assumed that: д; = 1 if cj < сњ, and 0 otherwise, where (с;) and 
(cij) are the existing and the maximum resistance, respectively, within which the 
opportunities are counted. Another is the location indicator/measure (L;) expressed 


as follows (Gutierrez 2001; Reggiani and Carlos Martin 2007): 


J 
a tj: GDP, 25 
UU NS CDP: 
j=1 J 


where 


tij is the minimum travel time through the network between the network node 
(i) and urban agglomeration (j) (min). 
GDP; is the Gross Domestic Product of urban agglomeration (j) ($US or €). 


J is the number of urban agglomerations accessible from the network node (i). 


As can be seen, this indicator/measure takes GDP in order to assess the relative 
importance (i.e., weight) of the minimum time routes. 


2.2.1.2 Gravity-Based Indicators/Measures 


The gravity-based indicators/measures of accessibility are derived from the 
denominator in the gravity model for trip distribution. The generic form of this 
indicator/measure for assessing accessibility of a given zone (i), (A;) is as follows 
(Dong et al. 2006): 


J 
Ai = Эс f (ci) (2.6) 


where 


а; is the measure of opportunities in zone (j). 


Кс) is the resistance function of travelling from zone (i) to zone (j) ($US or €). 


The other symbols are analogous to those in Eq. 2.5. In most cases, the function 
Кс) includes the travel time with a negative exponent indicating that the more 
distant opportunities have the lower influence on accessibility. In some sense, this 
indicator/measure simultaneously captures the influence of both transport systems (f 
(с;)) and the pattern of land use (a;) on accessibility. 

One of these gravity-based indicators/measures is the economic or potential 
market indicator expressing the volumes of economic activities to which a given 
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zone can be accessed after counting the imposed time/cost. Consequently, the 
accessibility or the volume of opportunities between zones (i) and other zones 
(J) can be expressed as follows (Gutierrez 2001; Reggiani and Carlos Martin 2007): 


J 
GDP; 
Р; = 2. =: J (2.7) 
j= L 





where 


P; is the economic potential of zone (i). 

tj is the travel time or distance between the zones (i) and (j) (min or km). 

х is the rate of increasing resistance between the zones (7) and (j) (in most cases: 
a= 1). 


The other symbols are analogous to those in Eqs. 2.5 and 2.6. 


2.2.1.3 Utility-Based Indicators/Measures 


The utility-based indicators/measures of accessibility are based on the assumption 
that people select among few available the transport alternative with the highest 
utility. In general, the utility contains the observable attributes of the available 
transport alternatives on the one side and the characteristics of the decision-maker 
on the other. Some non-observable disturbances of particular alternatives have also 
been taken into account. As a result, an individual's expected maximum utility 
gained from a given set of transport alternatives is expressed as follows (Dong et al. 
2006). 


| 1 
Е(тахи.) = " у ехр(и: Vin) (2.8) 


i€C, 


where 


Vin is the component of utility (U;,) for an individual choosing the transport 
alternative (i) from the set of alternatives (C,,) ($US or €). 

u 15 the scale parameter making the model similar to the multinomial logit 
model. 


The indicator/measure (Е) in Eq. 2.8 is based on the maximum utility estimated 
from the model of random utility, thus expressing the total *value" of the available 
transport alternatives. The values of utility of particular alternatives have been 
usually derived from the nested logit model comprising both destination and modal 
choice. In addition, it represents the individual level of accessibility based on the 
individual's preferences. One of the forms of the component of utility (U;n) can be 
expressed by the generalized travel cost function of using a given public transport 
mode/system between the zones (7) and (j) in an urban agglomeration as follows: 
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oi, Pij are the coefficients to be estimated by calibration of the utility function. 

T is the time of availability of services of the transport system (k) (h/day). 

Р) is the transport service frequency of the transport system (k) between 
zones (i) and (j) during time (т) (dep/h). 

Lik is the distance between zones (i) and (j) by transport system (k) (km). 


ушкш is the average speed of vehicles of transport system (k) operating along 
the distance (Lj) (km/h). 

Fix(Lix) is the average fare charged between by transport system (k) operating 
between zones (i) and (j) (SUSA or €/passenger). 


It should be mentioned that the coefficient («,;) can represent an individual's 
value of time while travelling between zones (7) and (j) under given conditions. In 
addition, the first term in brackets of Eq. 2.9 respresents the schedule delay, i.e., the 
individual's waiting for the first nearest departure. The second term represents the 
travel time along the line. Consequently, the utility function (V;,(t)) can express 
the total door-to-door travel time by transport system (k) between zone (i) in an 
urban agglomeration (CDB) (Central Business District) and zone (j) represented in 
this case by an airport serving this agglomeration (CDB) as shown in Fig. 2.5. 

As well, in the context of airport landside accessibility, before undertaking and 
after ending their trips, the potential air travellers/passengers and/or airport and 
other aviation employees are usually located at their homes and/or offices in a given 
urban (CDB) or suburban area (spatial structure). These are relatively far from the 
airport serving it, but still in its catchment area. The airport and selected flights with 
their attributes (let say airfares) to the desired destinations can then be considered as 
opportunities concentrated at a single location/airport to be reached by one of the 
airport landside access modes and their systems before and after the air trips. Under 
such circumstances, the indicator/measure of accessibility of a given airport as 
"zone" (i) from its catchment area represented by the set of zones (J) can be 
estimated as follows: 





Am 1) Car: М = t; = 45 min 
тайы аш эш Уз = Tis = 35 min 


Fig. 2.5 Example of the utility function in terms of door-to-door travel time by different landside 
access modes and their systems at Oslo airport (Oslo, Norway) (TRB 2008) 
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Bj; ате the benefits of people in the zone (j) from using the airport (7) (e.g., this 
could be contribution of making trips to/from the airport to GDP of the 
zone) ($US or €). 

Viim is the generalized travel cost from zone (j) to the airport (i) by the airport 
landside access mode and its system (m) ($US or €/pass) (pass - passenger). 

J is the number of zones in the catchment area of a given airport. 

M; 15 the number of available airport landside access modes іп the zone (j). 


2.2.2 Activity-Based Indicators/Measures 


The activity-based indicators/measures have been derived from the random utility 
theory. As such, they can also be considered to belong to the above-mentioned the 
utility-based indicators/measures (Dong et al. 2006). The main difference is that 
they incorporate the effects/impacts of the trip chaining, a range of different 
activities during the day, and the scheduling activities. Since the landside access of 
an airport by an individual is considered as a single daily activity usually by using a 
single landside access mode and its system, the particular structure and details of 
these indicators are not further considered as relevant in the given context. Some 
exceptions are the airports where two or more landside modes and systems need to 
be used. 


2.3 Some Characteristics of the Airport Landside 
Accessibility 


2.3.1 General 


The airports can be accessed from their catchment areas by different transport 
modes and their systems. These are generally classified as the road-based and rail- 
based modes. The former mode includes the car and van, and different types of bus 
systems. The latter mode includes the streetcar/tramway, LRT (Light Rail Transit), 
subway/metro (short distance), regional/conventional rail and HSR (High-Speed 
Rail) (medium and long distance), TRM (TransRapid Maglev) (currently short 
distance), the most recently rather futuristic HL (Hyperloop) (long distance), and 
PRT (Personal Rapid Transit) system (short interairport distance). These modes and 
their systems (except cars and vans, and РКТ) are also called the public transport 
systems similarly as their much larger urban and suburban counterparts. They all 
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are characterized by the length of lines/routes between the selected location(s) in the 
airport catchment area (frequently these are the city centres or CDBs) and the 
airport, the average travel time depending on the operating speed, transport service 
frequency (except car and van), and fares (CDB— Central Business District). These 
attributes on the one hand, and those of the air passengers (business, leisure), airport 
employees, and others on the other hand, influence choice of the particular mode 
and its systems and consequently their market shares. It should be mentioned that 
some airports are also accessed by bicycles, but this option is not particularly 
elaborated in the given context. 


2.3.2 Attributes of Resistance to the Airport Landside 
Accessibility 


The main attributes of resistance to the airport landside accessibility influencing 
choice of particular access modes and their systems have shown to be distance, 
access time, and price, independently on the categories of users—business/leisure 
air passengers, airport and other aviation employees, and all others. Figure 2.6 
shows an example of the relationship between distance and travel time while 
accessing the selected European airports from their catchment areas (CBDs). As 
mentioned above, both distance and travel time are considered as the attributes of 
resistance to the airport accessibility. 

As can be seen, as intuitively expected, the airport landside access time increased 
with increasing of distance between the catchment areas (CDBs) and the airports 
serving them. On the distances up to 20 km, this time by taxi and rail has generally 















































120 
| @Rail nBus ATax 
Bus: т= 0.001 L2 + 0.156-1, + 29.785] [ Rail: t= 2.0774-19779 n 
100 К? = 0.436 R? = 0.561 
t Taxi: т = 0.860-L-- 6.682 
R? = 0.870 
1 80 
Ф 
Е 
2 60 
Ф 
о 
о 
< 40 
e 
20 
0 
0 10 20 30 40 50 60 70 


L - Distance - km 


Fig. 2.6 Relationship between travel time and distance of different landside access modes and 
their systems serving selected European airports (DLR 2010) 
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Fig. 2.7 Relationship between the price and distance of different landside access modes and their 
systems serving selected European airports (DLR 2010) 


been comparable, but generally higher at the bus systems. At the distances of 30 km 
and longer, this time has been comparable at all three systems. Finally, Fig. 2.7 
shows the relationship between the price and distance of the rail- and road-based 
systems operating as the landside access modes at selected European airports. 

As can be seen, at all three systems, the price for one-way trips increases linearly 
with increasing of travel distance. As expected, it has been the lowest at the bus 
followed by rail and the highest (for several times) at the taxi system. 


2.3.3 Market Shares of the Airport Landside Access Modes 
and Their Systems 


Generally, the market share can be defined as a portion of a given market controlled 
by a particular company or product. In the given context, the airport landside access 
modes and their systems are the companies and their "products" are the transport 
services provided to air passengers, airport and other aviation employees, and 
others between a given airport and its catchment area under given conditions during 
a given period of time (h, day, month, year). The market share of the particular 
airport landside access modes and their systems depends on a range of their 
attributes/factors, which the above-mentioned users use while making their choice. 
Figure 2.8 shows an example of the market share of the short- and long-distance 
rail-based systems depending on the access distances between particular European 
airports and the city centres (CBDs—Central Business District(s)) in their catch- 
ment areas. In this case, the distance is considered as the resisting attribute/factor to 
accessibility. 
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Fig. 2.8 Relationship between the market share and distance of the rail-based systems serving the 
landside accessibility of the selected European airports (DLR 2010; TRB 2008) 


As can be seen, the market share of the short-haul rail-based systems has been 
quite different at particular (16 European) airports independently on the distance to 
the city centres (CBDs) of their catchment areas. It has ranged between 9 and 43% 
over the distances from 8 to 56 km (TRB 2008). This indicates the specificity and 
diversity of preferences and criteria of choice of these systems at particular 
(European) airports. In addition, the market share of the long-haul (conventional 
and HS) rail-based access systems at the given airport (Frankfurt, Germany) has 
varied between 40 and 83% over the distances between 200 and 550 km. These 
shares were based compared to those of the other landside access modes to the 
Frankfurt airport and possible because the airport has been connected to the 
long-distance rail network. They also indicate the preferences of air passengers to 
use train in comparison with car/taxi particularly if coming to the airport from the 
rather long distances. The additional attributes of choice have been convenience of 
getting discounted or even free rail tickets in different combinations with the air- 
fares. Consequently, it can be stated that the airports could generally increase the 
size of their catchment area significantly if being connected to the long-distance rail 
network (DLR 2010). 

In addition, Fig. 2.9 shows the relationship between the number of users of 
public transport modes and their systems and the number of originating air pas- 
sengers (enplanements) at 27 US airports (TRB 2008). 

As can be seen, the number of users of these public transport modes and their 
systems has increased more than proportionally with increasing of the number of 
passengers originating at the given airports. This indicates that in general, the larger 
airports could also count to be increasingly accessed by public transport modes and 
their systems, of course if these are available. As well, Fig. 2.10 shows dependence 
of the market share of the airport access public transport modes and their systems 
on the number of originating air passengers (enplanements) at the above-mentioned 
27 US airports (TRB 2008). 
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Fig. 2.9 Relationship between the number of users of public transport modes and their systems 
and the number of originating air passengers (enplanements) at 27 US airports (TRB 2008) 
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Fig. 2.10 Relationship between the market share of public transport airport access modes and 
their systems and the annual number of originating passengers (enplanements) at 27 US airports 
(TRB 2008) 


As can be seen, the share of public transport modes and their systems was 
varying between about 5 and 23% at the selected airports handling between 4 and 
17 million originating passengers (enplanements) per year. It appears obvious that 
there has not been any correlation between the market share of public transport 
modes and their systems and the number of originating passengers handled at these 
airports. However, increasing of the absolute numbers of users has enabled 
increasing of the market shares of these (public) transport modes and their systems 
although at decreasing rate as shown in Fig. 2.11. 

Compared to those of the rail-based mode at the European airports (Fig. 2.8), the 
market shares in this (USA) case have been substantively lower. One of the reasons 
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Fig. 2.11 Relationship between the market share and the number of users of public transport 
modes and their systems at 27 US airports (TRB 2008) 
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Fig. 2.12 Relationship between the rail-based mode market share and the travel time between 
European airports and their CBDs (Central Business Districts) (TRB 2008) 


could be the everyday habits and thus preferences of the US people to use car, also 
for accessing airport(s). 

Figure 2.12 shows the relationship between market shares and travel time 
between the selected European airports and their catchment areas (CBDs) of the 
rail-based mode and its systems. 

As can be seen, the rail market share has varied between 10 and 4596 for the 
travel times between 10 and 20 min, and between about 15 and 30% for the travel 
times between 30 and 45 min. 

Market shares of the airport landside access modes and their systems, in addition 
to the above-mentioned generally resisting attributes of choice, have also depended 
on the other almost equally important attributes/factors. All these generally have 
also played a role in choice of either public access modes and their systems or 
individual/private cars. These main attributes/factors have been as follows (TRB 
2000): 
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Availability implying which access modes and their systems are available if the 
air passenger has a car, if his/her relatives or friends are willing to bring him/her 
to the airport, and if the public transport mode and its systems for his/her 
departure are also available for his/her return; 

Access time indicating how long it takes to reach the airport; in case of using 
private car, this time also includes the time for finding the parking place and 
then from there to walk to the airport passenger terminal; 

Access cost indicating the price to be paid to arrive at the airport; in case of 
using private car, this also includes the airport parking charges; 

Transport service frequency of particular public transport modes and their 
systems indicating how often the service is available and how much the waiting 
time is for the nearest departure; 

Reliability, punctuality, and convenience of the arrival time at the airport indi- 
cating the rate of carried out scheduled services, deviation of the actual from the 
scheduled access time, and the time of departure enabling catching the flights 
conveniently, respectively; 

Comfort while using the public transport modes and their systems characterized 
by availability of the off-site check-in, convenience of handling baggage, getting 
free seat on board, the number and reliability of transfers, etc. 


For example, as far as the rail-based mode and its systems are concerned, the 


most important attributes for their choice and consequently the market success have 
been as follows: 


Journey time needed to be advantageous compared to that of other systems, 
which is particularly important for air passengers with a high value of their time 
(i.e. mainly business passengers); 

Direct access to the city centre (CBD) without transfers/interchanges within the 
same or with the other transport modes and systems; 

Number of locations in the airport catchment area with direct rail access; 
Product positioning implying a strong and aggressive marketing of services as 
premium products; 

Type of air air trip (business and/or leisure) playing a significant role; the former 
have been often ready to pay for a higher speed of service, while the latter 
usually might have cars bringing them from/to their origins/destinations in the 
airport catchment area; 

Fare being competitive to that of other airport landside access modes and their 
systems excepting the taxis; 

Terminal access implying location of the airport rail station as close as possible 
to the passenger terminal(s); 

Information provision being particularly important in cases of disruptions of 
transport services and consequently compromising their reliability and punctu- 
ality—cancellations and delays. 
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Figure 2.13a, b shows examples of the market shares of particular landside 
access modes and their systems at two London airports—Heathrow and Gatwick— 
over time (London, UK) (ITC 2017). 

As can be seen, at Heathrow airport during the observed period (15 years), the 
rail and subway/metro/tube systems have increased their market shares mainly on 
the account of the private and hired car/taxi use. The bus system has maintained its 
market share relatively stable during the observed period (10 years). At the same 
time, the private and hired car/taxi system has kept the highest market share fol- 
lowed by that of the subway/metro/tube, bus, and rail system. At Gatwick airport, 
during the observed period (4 years), the rail and bus system have gained the 
market share on the account of the private/rental car and taxi/minicab system use. In 
addition, the private/rental car and rail system have maintained the highest market 
shares, followed by that of the taxi/minicab and bus system. 
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Fig. 2.13 Market shares of the particular airport landside access modes and their systems at two 
London airports—air passengers (ITC 2017) 
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The factors influencing choice of the above two airports serving the large 
(London) catchment area have also influenced the above-mentioned modal split of 
their landside access modes and systems. In general, these factors are mainly related 
to the flights, airlines, and the airports themselves. Some of the flight- and 
airline-related factors have been: availability of flights to certain destinations by 
preferred airline (frequent flyer memberships) at convenient frequency, airfares, 
flying time, and service quality (on board service, reliability, punctuality). The most 
important airport-related factors have been: processing time within the passenger 
terminal, availability and quality of shopping/restaurant/gate facilities, quality of 
service at baggage/customs/immigration facilities, and the availability and quality 
of the above-mentioned landside access modes and their systems. 


2.4 Summary 


In general, accessibility has been defined as a measure of easiness of reaching the 
opportunities in terms of goods, services, activities, and destinations. The concepts 
of accessibility in terms of location and distance have been defined. In particular, 
the landside accessibility of airports has usually been expressed in terms of the 
distance, time, speed, and costs between them and their catchment areas (urban 
agglomerations and CBD—Central Business Districts). The catchment area has 
been considered as the area around a given airport from where the potential demand 
—air passengers—tends to use it. The volumes of this demand are influenced by the 
size of catchment area expressed by its population and surface, the latter also 
depending on the availability and performances of the airport landside access 
modes and their systems. 

In general, different actors/stakeholders are involved such as the transport, land 
use, and social service planners, and the communications experts can consider 
accessibility differently. Specifically, from the aspects of transport and land use 
planners, the transport demand and activity and the land use factors have mainly 
influenced the accessibility. 

The accessibility has been measured by the trip-based and the activity-based 
indicators/measures. The trip-based are the isochrones-, gravity-, and utility-based 
indicators/measures. The activity-based indicators/measures of accessibility have 
been derived from the random utility theory. 

The airports can be accessed from their catchment areas by different transport 
modes and their systems generally classified as the road-based and rail-based 
modes. The former includes the systems such as car and van, and different bus 
systems. The latter includes the streetcar/tramway, LRT (Light Rail Transit), sub- 
way/metro, regional/conventional rail and HSR (High-Speed Rail), ТЕМ 
(TransRapid Maglev), the most recently rather futuristic HL (Hyperloop), and PRT 
(Personal Rapid Transit) system. 

The main attributes of resistance to the airport landside accessibility influencing 
choice of particular access modes and their systems have shown to be distance, 
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speed, their ratio—access time, and price, independently on the categories of users— 
business/leisure air passengers, airport and other aviation employees, and all others. 

The access time and price have been approximately linearly correlated with the 
airport access distance at almost all landside access modes and their systems across 
many European and US airports. The market shares of the particular modes and their 
systems have been different at the airports. At most of them, the market shares of the 
road-based car and van system have been the highest. However, the market share of 
the rail-based mode and its systems has tended to be also substantive and increased 
with increasing of the proportion (number) of the O-D (Origin-Destination) airport 
passengers. 


2.5 Exercises 


2.1 How accessibility is generally defined? 
2.2 Define and explain the concept of airport catchment area. 
2.3 How many concepts of accessibility have been defined? 
2.4 Specify the main actors/stakeholders and factors they consider while 
dealing with accessibility. 
2.5 What are the main factors of accessibility considered by the transport 
and land use planners? 
2.6 What are the main elements of the transport demand and the activity 
factors? 
2.7 What are the main elements of the land use factors? 
2.8 How accessibility is measured? 
2.9 What are the trip-based indicators/measures of accessibility? 
2.10 Write and explain the equations of the trip-based indicators/measures. 
2.11 Explain the activity-based measures of accessibility. 
2.12 What are the main factors influencing the surface and potential of an 
airport catchment area to generate the user/passenger demand? 
2.13 Specify and explain the main attributes of resistance to the airport 
landside accessibility. 
2.14 Specify the main users of the airport landside access modes and their 
systems. 
2.15 Define the market shares of the airport landside access modes and their 
systems and explain the factors mostly influencing them? 
2.16 Explain the most influencing factors of choice of the rail-based airport 
landside access systems. 
2.17 Explain the main reasons why car and van (private and taxi) systems 
have had the highest market share among the available landside access 
modes and their systems at many airports. 
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Сһар{ег 3 A) 
The Road-Based Mode and Its Systems: ES 
Components and Performances 


3.1 Introduction 


The road-based transport mode and its systems serving to the airport landside acces- 
sibility consist of the demand and supply component. The demand component includes 
sub-components such as users of these systems - people and freight/cargo. The former 
sub-component includes air passengers, airport and other aviation employees, and 
senders, greeters, and others airport visitors. The latter sub-component embraces air 
freight/cargo shipments, which are not considered in the given context. 

The supply component consists of the sub-components such as infrastructure 
including roads and highways, car parking areas, bus stops, and bus stations/ter- 
minals; traffic and transport supporting facilities and equipment; rolling stock/ve- 
hicles—cars, vans and buses; fuel/energy powering the rolling stock and supporting 
facilities and equipment; and directly and indirectly operating staff (e.g. the former 
includes the road/highway maintenance staff, taxi and bus drivers and the rolling 
stock maintenance staff; the latter includes, for example, traffic police and admin- 
istration). The non-physical/virtual component is represented by messages circu- 
lating though the systems with information of different kinds enabling 
decision-making by particular actors involved. 

The main performances of the road-based mode and its systems serving the 
airport landside access are infrastructural, technical/technological, operational, 
economic, environmental and social. Despite they are actually mutually interrelated 
inherently influencing each other, these performances are analysed rather inde- 
pendently of each other aiming at presenting them as clear as possible. The 
remaining part of this chapter contains descriptions of particular above-mentioned 
components of the road-based mode and its car and van and bus system. In addi- 
tion, it provides definition and analysis of performances of these systems means by 
the selected attributes as indicators and measures. In most cases, both description of 
components and analysis of performances are carried out in the much wider scope. 
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The main reason is that these systems and their components and operations possess 
very similar features as their larger urban and suburban counterparts. 

The material is presented at two levels: at the upper level, the components of 
systems—cars and vans and buses—are described; at the lower level, the perfor- 
mances by type are analysed. The prospective advantage of such presentation is 
possibility of smoothly following the presented material. 


3.2 Components and Performances 


3.2.1 Components 


As mentioned above, the main components of the road-based mode and its systems 
serving the airport landside accessibility are generally considered to be demand and 


supply. 


3.2.1.1 Demand 


The demand of the airport landside access road-based mode and its systems is 
represented by air passengers, airport and aviation employees, senders and greeters, 
and all others using these systems for any other purpose. This demand is charac- 
terized by intensity, time and spatial pattern. The intensity implies the number of 
users requesting service during a given period of time. The time pattern implies 
taking place of the above-mentioned intensities during particular hours of the day(s), 
days during the month(s) and months of the year(s). The spatial pattern reflects to 
origins and destinations of the above-mentioned categories of demand in the airport 
catchment area. The air passenger demand generally consisting of business and 
leisure travellers usually change over time. Its time pattern is mainly influenced by 
the airline schedules at airports. The demand of senders and greeters mainly follows 
the time and spatial pattern of air passengers. The time pattern of the airport and 
aviation employees demand is primarily influenced by their working shift(s). Its 
spatial pattern is mainly influenced by their residence location in and around the 
airport catchment area. More detailed analysis of demand in the given context is 
provided in Chap. 5. 


3.2.1.2 Supply 


As mentioned above, the supply component of the airport landside access road- 
based mode and its systems includes the physical and non-physical sub-component. 
The former embraces infrastructure, supporting facilities and equipment, rolling 
stock/vehicles, fuel/energy, and related transport services—routes/lines and 
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networks—serving the above-mentioned demand under given conditions and 
operating staff/employees. The latter not elaborated in details includes different 
rules and procedures regulating operations of the physical sub-components and 
messages exchanged between them during the real-time operations. 


3.2.2 Concept and Definition of Performances 


Both the road-based mode systems—car and van, and bus—are characterized by 
their infrastructural, technical/technological, operational, economic, environmental 
and social performances. Figure 3.1 shows the simplified scheme. 

In general, the above-mentioned performances indicate how these systems 
perform traffic, i.e. movement of vehicles and transportation, i.e. movement of both 
vehicles and people/persons, all under given conditions. In particular: 


(a) Infrastructural performances relate to the physical and constructive character- 
istics and related attributes of the road transport infrastructure—roads/highways 
with routes/lines! connecting airports and their catchment areas, car parking 
areas, bus stops along the routes and bus stations/terminals at both ends of these 
routes. 

(b) Technical/technological performances embrace characteristics and related 
attributes of the road rolling stock/vehicles—cars and vans, and buses such as 
seat capacity, type of propulsion systems and corresponding energy/fuel used, 
and supporting facilities and equipment on board the vehicle and outside (i.e. 
the traffic control/management systems). 

(c) Operational performances embrace attributes of particular routes/lines such as 
(1) demand; (ii) capacity; (iii) quality of service provided to users, in this case 
air passengers, airport and other aviation employees, and others; (iv) transport 
work; and (v) technical productivity. 

(d) Economic performances relate to the attributes such as (1) costs; (ii) revenues; 
and their difference, (iii) profits/losses. 

(e) Environmental performances generally include the attributes such as (1) energy/ 
fuel consumption and related emissions of GHG (Green House Gases); (ii) land 
use; and (iii) waste (not particularly considered); and 

(f) Social performances relate to the attributes such as (i) congestion; (ii) noise; 
and (iii) traffic incidents/accidents (i.e. safety). 


Modelling of the above-mentioned attributes as indicators of the operational, 


economic, environmental and social performances is elaborated in details in 
Chap. 5. 





'Road/highway is a physical entity connecting the airport with its catchment areas. Route/line is a 
path of the vehicle moving along a road/highway constrained by an origin and destination station/ 
terminal. 
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3.3 Conventional Cars and Vans 


3.3.1 Components 


3.3.1.4 Infrastructure 


The physical infrastructure embraces roads and highways, and car parking areas. In 
urban and suburban areas, these are mainly just the networks of streets and roads. 
For airports, these are the straight roads and/or highways connecting them to their 
catchment areas. Specifically, the highways with few separate lanes enable inde- 
pendent bidirectional traffic, which is not the case at their road counterparts. Both 
these roads and highways can penetrate deeper into the airport catchment areas 
including the centres of main cities/urban agglomerations (CBDs—Central 
Business District(s)). In such case, they end at parking areas near the individual’s 
home, public garages, etc. 


3.3.1.2 Traffic Supporting Facilities and Equipment 


The traffic supporting facilities and equipment generally include TCS (Traffic 
Control System), TMS (Traffic Management System) whose main components are 
shown in Fig. 3.2. 

As can be seen, these components are (i) horizontal and (ii) vertical signalization 
on- and off-roads/highways, (iii) GPS (Global positioning System), and (iv) ITS 
(Intelligent Transport System). The latest two (iii), (iv) are explained later in the 
scope of describing bus systems since particularly supporting their operations. 


(a) Horizontal signalization 


The horizontal signalization generally relates to the markings on streets and roads 
such as (i) longitudinal (solid, dashed, double solid; lane, centre and edge lines); 
(ii) transversal (stop lines, pedestrian and bicycle paths crossings); and (їп) others 
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Fig. 3.2 Some elements of TCS (Traffic Control System) and TMS (Traffic Management System) 


(arrows, labels, box junctions, parking lots, bus stops, markings for special pur- 
poses). Figure 3.3a, b shows self-explaining examples of the longitudinal (double 
solid lines) and transversal (pedestrian crossing) road signalization. 


(b) Vertical signalization 


The vertical signalization located off-roads and streets include: (i) traffic signs; 
(ii) traffic signs of other info; and (iii) traffic lights. 


G) Traffic signs indicate traffic warnings, priorities/mandatories, prohibitions/ 
restrictions, and information and special regulations. Figure 3.4 shows 
examples of four categories of these traffic signs. 

Most warning and priority signs are of triangular, restrictive of circular, and 
information of the rectangular shape. 

(i) Signs of other info are divided into directional information signs showing 
directions and distances to places on the road ahead or on the intersecting 
roads, and the other signs, which provide the road users with a wide variety 
of information. Most of these signs are of the rectangular shape as the shown 
in Fig. 3.5. 

(iii) Traffic lights or traffic semaphores are devices located at the road intersec- 
tions, pedestrian crossings and other locations to control traffic flows. They 
display lights of standard colours—tred, yellow, and green as shown in 
Fig. 3.6. 


In general, the red light prohibits any traffic from proceeding—meaning “Stop”. 
The yellow light warns that the light is going to change to red—meaning “Wait”. 
The green light allows traffic to proceed in the denoted direction—meaning “Go”. 


3.3.1.3 Vehicles and Fuel/Energy 


The cars and vans can be of different size and seating capacity, usually of 4—5 and 6-8 
seats/veh, respectively. The self-explaining Fig. 3.7a, b shows characteristic models 
operating also between airports and their catchment areas. 
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(a) Double-solid lines 














(b) Pedestrian crossings 


Fig. 3.3 Examples of the horizontal signalization on the roads and streets (https://www.google.si/ 
search?q=images+of+the+information+signs+on+the+roads&tbm/) 


These cars and vans can be powered by ICE (Internal Combustion Engines), 
hybrid (combined ICE/Electric) engines, and BEE (Battery Electric Engines). 
Consequently, they consume different fuel/energy as shown in Fig. 3.8. 
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As can be seen, the ICE (Internal Combustion Engines) and hybrid (combined 
ICE/Electric) vehicles mainly consume petrol, diesel/biodiesel and LPG (Liquefied 
Petroleum Gas). The electric vehicles consume electric energy from the on board 
batteries. The fuel/energy charging of both categories of vehicles is carried out at 
the dedicated (petrol) and electric (charger) stations, respectively. In addition, the 
traffic supporting facilities and equipment are powered by electric energy obtained 
from the public power grid. 


3.3.1.4 Operating Staff 


The cars and vans operating between airports and their catchment areas are con- 
trolled and managed by the directly and indirectly involved staff/employees. The 
former category ultimately includes the car/van drivers and the supporting staff. The 
latter category includes traffic managers and vehicle dispatchers at the taxi systems 
and traffic police. In particular, traffic mangers and dispatchers generally coordinate 
matching the offered capacity to demand in the real time. Traffic police monitors 
and controls if drivers generally behave according to the prescribed traffic rules and 
procedures, and intervenes in cases of their violations, mainly aiming at main- 
taining the required level of safety. 
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Fig. 3.6 Traffic lights 
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(a) Car 


Fig. 3.7 Typical cars and vans of the road-based mode operating between airports and their 
catchment areas 
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Fig. 3.8 Types of cars and vans and fuel/energy they use 


3.3.2 Performances 


3.3.2.1 Infrastructural Performances 


The infrastructure for the road-based systems—cars and vans—serving the landside 
accessibility of airports consists of (a) road/highways and (b) parking areas for 
parking individual vehicles (cars, vans). The roads/highways connect the airport 
passenger terminals and the airport car parking areas on the one side and the airport 
catchment area, particularly the city centre (CDBs—Central Business District(s)) 
and the local origin and destination locations of particular users, on the other. These 
are generally homes and working places of the air passengers, airport and other 
aviation employees and all others. The parking areas in the given context are those 
at the airports and in the airport catchment area (CDB, homes of users, open public 
parking areas) enabling both the short- and long-term parking cars and vans. 


(a) Roads and highways 


The roads and highways are characterized by (i) factors influencing geometrical 
design; (ii) the main geometric design characteristics; (iii) coordination of the 
horizontal and vertical alignment; (iv) types of traffic/vehicular conflicts; and 
(v) right-of-way. 
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(i) Factors Influencing geometrical design 


The most important factors influencing geometric design of roads (in addition to the 
local topography) have been characteristics of the current and prospective/future 
traffic such as its volume and speed. The traffic structure reflecting proportion of the 
heavy vehicles such as trucks and buses has also played an important role. 


e Traffic volumes are usually expressed in terms of the average daily or design 
hourly volumes. The former represents the total annual volumes of traffic 
divided by the number of days per year (365). Due to the time variations during 
the season, week, day and/or hour, the above-mentioned averages can be used 
primarily for designing the roads expected to handle low to moderate traffic 
volumes. The latter (design hourly volumes) has usually been the 30th highest 
hourly volume for the design year—usually 20 years after the time of imple- 
mentation of the road. The benchmarking design hourly traffic volumes are 
usually considered in both directions along a given road with seasonal adjust- 
ments if necessary and relevant. These can also be obtained from the average 
daily volumes by applying the appropriate converting factors for design hour 
and direction. 

e Traffic speed for the road design purposes is usually considered as low 
(x 70 km/h) and high (> 80km/h). In practice, the actual speed is usually 
influenced by the traffic volumes, road capacity, design, weather, traffic control 
devices and individual driver preference. 


(ii) The main geometric design characteristics 


In particular, the main geometric design characteristics of roads and highways are 
sight distance, horizontal and vertical alignment, the lane and shoulder width, 
roadside clearances, superelevation, etc. In addition, the choice of design speed 
depends on the factors such as the character of terrain, road/highway type, costs and 
extent of the current road infrastructure development (i.e. urban, suburban or rural). 
In this section, the main geometric design characteristics such as sight distance, 
horizontal and vertical alignment, coordination of both alignments and types of 
traffic conflicts are described in more details. 


e Sight Distance includes (1) stopping sight distance; (2) decision sight distance; 
(3) passing sight distance; and (4) intersection sight distance (AASHTO 2004, 
2011). 


(1) Stopping sight distance is the length of road ahead visible to the driver. This 
needs to be of the sufficient length to enable a vehicle operating at the design 
speed to stop before reaching a stationary object in front of it. 

(2) Decision sight distance is the distance the driver requires for detecting and 
reacting appropriately (safely and efficiently) after noticing unexpected object 
as a prospective barrier on the path in front him/her. 

(3) Passing sight distance is the distance needed for one vehicle to pass the other 
while moving in the same direction. This is applicable only in design of 
two-lane rural roads. 
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Fig. 3.9 Examples of the relationships between stopping and decision sight distances and design 
speed for roads/highways (AASHTO 2004, 2011; TDT 2014) 


(4) Intersection sight distance is the distance enabling the driver to have in advance 
an unobstructed view of the entire intersection while approaching it. 


Figure 3.9 shows examples of the relationship between stopping sight Distance and 
decision sight Distance and design speed (AASHTO 2011; TDT 2014). 

As can be seen, stopping and decision sight distance (Avoidance manoeuvre 
E—stop on rural road) increase more and decision sight distance (Avoidance 
manoeuvre E—change on urban road) less than proportionally with increasing of 
the design speed. 


e Horizontal alignment implies establishing the appropriate relationship between 
design speed and curvature of a given road/highway and/or its segments in the 
horizontal plane. Horizontal alignment for roads and highways consists of three 
geometrical shapes such as horizontal curves, tangents and transition curves. 
They all depend on the design speed and should be consistent with the other 
design features and topography of a given road. Figure 3.10 shows a simplified 
layout of combination of the above-mentioned three shapes. 


In particular, the main elements of the horizontal curves are (1) superelevation 
rate and (2) curve radius. 


(1) Superelevation rate is inclination of the road surface towards the centre of its 
horizontal curve. Its aim is to counterbalance the developed centripetal force as 
the vehicle operates around a curve. In addition, this force is counterbalanced 
by the component of vehicle weight due to the roadway superelevation and by 
the side friction between tires and road surface as shown in the self-explaining 
Fig. 3.11. 
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(2) Curve radius appears important in designing roads for enabling safe vehicle 
operations. It is mainly dependent on the design speed and superelevation rate. 
The minimum radius of the horizontal curve of a given road/highway segment 
can be estimated as follows (AASHTO 2011; TDT 2014): 


и2 


Rmin = 
127. (0.01. ermax + fmax) 


(3.1) 





where 


€max 1S the maximum superelevation rate, in decimal format; 

max 18 the maximum side friction factor depending on the vehicle operating 
speed (e.g. 0.17 at the speed of 40 km/h and 0.09 at the speed of 
120 km/h); 

u is the design vehicle speed (m/s); and 

Rmin 15 the curve radius (m) (m—meter; km—kilometre). 


Figure 3.12 shows the simplified scheme of geometrical design of the road curve 
and the main influencing (geometrical) factors. 


3.3 Conventional Cars and Vans 61 








-— 








Fc - Centripetal force (N); 

Fep, Fen - Centripetal force acting parallel and 
normal, respectively, to the road 
surface (N); 

Fr - The side frictional force (N); 

W - Weight of vehicle (N); 

Wp, Wn - Weight of vehicle parallel and normal, 
respectively, to the road surface (N); 

a - Super elevation angle (°); 

R - Curve radius of a given road (m); 

N - Newton; m — meter. 




















Fig. 3.11 Scheme of acting forces on the vehicle operating at the super elevated road segment 


As can be seen, the curve radius (R) mainly influences the length (L) of the 
curve. As mentioned above, this radius is dependent on the design speed as shown 
by the example in Fig. 3.13. 

As can be seen, the minimum radius of the horizontal curve increases with 
increasing of the design speed more than proportionally. In addition, with 
increasing of the superelevation rate this minimum radius substantively decreases. 
This implies that the road/highway curves can be more curved if the superelevation 
rate is higher, thus enabling also safe operation of vehicles at the higher design 
speed(s). 


e Vertical alignment of roads/highways implies their shape in the vertical plane. 
The main elements of the vertical the alignment are (1) grades and (2) vertical 
curves. 


(1) Grades result from difference in the levels of begin and end of a given segment 
of the road/highway. Figure 3.14 shows the simplified scheme. 


As can be seen, begin of a given segment of the road/highway is point (A) and its 
end is point (B). They define the length of grade (L). The difference in their levels is 
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Fig. 3.12 Scheme of the horizontal alignment of the road/highway curve (AASHTO 2004/2011) 
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Fig. 3.13 Relationships between the horizontal curve radius and design speed for roads/highways 
(AASHTO 2004/2011; TDT 2014) 


height (H7) influencing the angle of inclination (x). The ratio between the height 
(Н) and the run distance (D) gives the rate of grade (G,). The effects of length and 
rate of grade are particularly relevant while considering operations of heavy 
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Fig. 3.14 Tangent grades: straight lines in the vertical plane 


Table 3.1 Some examples of the maximum grades on urban, suburban, and rural freeways 
depending on the design speed (%) (AASHTO 2011; TDT 2014) 






































Speed (mph?) 50 55 60 65 70 75 80 
Type of area 

Urban, suburban 4—5 4—5 3-4 3-4 3-4 3-4 3-4 
Rural 4—5 4—5 3-4 3-4 3-4 3-4 3-4 





"mph—miles per hour (1 mile = 1.609 km) 


vehicles (trucks and buses) and less relevant for that of passenger cars. In general, 
the grades shown in Fig. 3.14 may affect the design speed of different vehicle types. 
Table 3.1 gives an example of the maximum grades depending on the vehicle speed 
for highways built in different areas. 

As can be seen, the particular maximum grades are equal across particular areas 
but decrease with increasing of the vehicle design speed. 


(2) Vertical curves 


Vertical curves provide gradual changes between tangents of different grades. Two 
types are crest and sag vertical curves as shown in Fig. 3.15a, b. 

The minimum length of the crest vertical curve depends on the sight distance, 
and the height of driver's eye and an object to be seen over the crest of the curve, as 
shown in Fig. 3.15a. The minimum length of the crest vertical curve can be esti- 
mated as follows (AASHTO 2004): 


———S for S<L 

200. (VAi + Vi) (3.2) 
3 І 

ng — V+ vim) Ут) for S>L 


4 


Lmin = 
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Fig. 3.15 Simplified geometry of the road/highway vertical curves (AASHTO 2004) 


where 


S  isthe sight distance (m); 

H, is the height of driver's eye (m); 

H, is the height of an object (m); 

L 15 the vertical curve length (m); and 

х is the absolute value of the algebraic difference in grades х = [|( + С) — (—G) |. 
(G in 96). 


The minimum length of the sag vertical curve is usually estimated respecting the 
sight distance, comfort standards involving vertical acceleration and/or the 
appearance criteria as shown in Fig. 3.15b. The minimum length of sag curves can 
be approximately estimated as follows (AASHTO 2004): 
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=a for S<L 
Lain = 12043.5-S? = 3.3 
Laien. for S>L p 


where all symbols are analogous to those in Eq. 3.2. 

If the vehicle acceleration is adopted to be: a = 0.3 m/s?, the passenger comfort 
will not be compromised if the standard length of either the sag or crest vertical 
curve is approximated as follows (AASHTO 2004): 


L> («. и?) /395 (3.4) 


where 


L is the length of vertical curve (m); and 
и is the design vehicle speed (km/h). 


The other symbols are analogous to those in Eq. 3.2 and Fig. 3.3. 


(ш) Coordination of horizontal and vertical alignment of roads/highways needs 
to be carried out. This implies that the curvature in the horizontal plane 
should be accompanied by the comparable curvature in the vertical plane and 
vice versa. As a result, the grade line for a long flat horizontal curve should 
be smooth. Some estimates confirmed in practice have shown that coordi- 
nation of the horizontal and vertical alignments has not been often a problem. 
The convenient cases have been characterized by the minimum radius of 
the horizontal curves of: Rmin > 1800 m (6000 ft) and the length of vertical 
curves of: L > 128 m (420 ft), independently on the gradient change 
(ASCE 1977; Smith and Lamm 1994). 

(iv) Types of traffic/vehicular conflicts are the events involving two or more vehi- 
cles/road users, in which the action of one vehicle/user causes the other vehicle/ 
user to make an evasive manoeuvre to avoid a collision. In general, four types 
of traffic/vehicular can be distinguished. These are diverging, merging, 
crossing and waving conflicts. Figure 3.16 shows the simplified scheme. 


The above-mentioned conflicts between individual vehicles/users and their flows 
have been resolved in three ways as follows: 


e Time-sharing solutions imply assignment of the right-of-way to particular 
vehicles during specified/particular times—the signalized intersection. 

e Space-sharing solutions imply converting crossing conflicts into weaving con- 
flicts—traffic circle or rotary. 

e Grade separation solutions are based on eliminating the crossing conflicts by 
placing the conflicting traffic streams at different elevations at the points of 
intersection. 


(v) Right-of-way 
The right-of way of roads and highways used by cars and buses is represented 
by their vertical cross section as shown in Fig. 3.17a, b. 
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Fig. 3.16 Simplified schemes of traffic/vehicular conflicts 
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(a) Two-lane road cross section with shoulders and ditches 
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(b) Divided highway with shoulders and ditches 


Fig. 3.17 Simplified schemes of the vertical cross section (right-of-way) of roads/highways— 
basic (AASHTO 2004/2011) 
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Figure 3.17a shows this vertical cross section of two-lane road with shoulders and 
ditches on both sides. As can be seen, the total width of the road with shoulders in 
the given case is 12.0-14.4 m. At the divided highway, again with shoulders and 
ditches shown in Fig. 3.176, the total width amounts 16.8—21.6 m. 


(c) Parking areas 


The parking areas are locations enabling parking of individual cars, vans and buses. 
In the open space, they can be designed as parking lots. In the closed case, these can 
be single- or multi-floor parking garages. The vehicles can be parked in these areas 
according to parallel, perpendicular and/or angled parking scheme as shown in 
Fig. 3.18a-c. 


(i) Parallel parking scheme implies arranging the vehicles in a line parallel to 
the curb of the street or the longer side of the rectangular parking area as 
shown in Fig. 3.18a. As can be seen, in these case the "footprint" of each 
vehicle is a rectangle of size of about: 5.50 - 2.50 m (13.75 m? in the case 
when the width of road is 3.00 m. The total size of parking area can be 
estimated as follows: PA = 2.50. (N - 5.50) т”, where (№) is the number of 
vehicle successively parked behind each other. 

(1) Perpendicular parking scheme is also known as bay parking scheme. It 
implies parking vehicles side by side, at the right angle to an aisle and/or 
curb as shown in Fig. 3.18b. As can be seen, this scheme enables more 
efficient use of the available space than in the case of parallel parking 
scheme. The vehicle “footprint” varies from 10.125 to 12.15 m^. The total 
size of parking area can be estimated as follows: PA = 9.90 - (N - 2.25) m? 
or PA = 9.90 - (N - 2.70) m?, where (N) is the number of vehicle parked side 
by side. 

(iii) Angle parking scheme implies that vehicles are parked at an angle (usually 
30°, 45° or 60°) compared to the curb and direction of approach as shown in 
Fig. 3.18c. As can be seen, this scheme provides narrower aisles and quicker 
parking, thus enabling use of the available space more efficiently than at the 
perpendicular parking scheme. The vehicle “footprint” is about 11.25 m’. 
The total size of parking area can be estimated as follows: 
РА = 5.00 - (N - 3.50) m?, where (N) is the number of vehicle parked side by 
side at the specified angle. In particular, for example, in the USA, the vehicle 
“footprint” at the parallel parking scheme is typically: 2.8 m width and 6.1 m 
length (area: 17.08 m?). The vehicle “footprint” at the angled and the per- 
pendicular parking scheme is usually: 2.3-2.7 m width and 4.9-6.1 m length 
(area: 11.27-16.47 m?) (the recommended length for the vehicle “footprint” at 
the standard perpendicular parking scheme is 5.8 m). In the United Kingdom 
(UK) typical vehicle "footprint" is 2.4 m width and 4.8 m length (area: 
11.52 m’). In Hong Kong, the minimum vehicle “footprint” independently on 
the parking scheme is 2.5 m width and 5.0 m length (area: 12.50 m?) (https:// 
www.google.nl/search?q=parking+space+dimensions+meters&newwindow= 
1&dcr=0&tbm=isch&tbo=uk&source/). 
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(c) Angle parking scheme 


Fig. 3.18 Simplified layouts of basic parking schemes 
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3.3.2.2 Technical/Technological Performances 


The technical/technological performances of cars and vans relate to their size/ 
capacity, engines and related fuel/energy used and type of driving (driven, 
driverless). The cars and vans used to serve to the airport ground access can be of 
different: (a) space/seating capacity and (b) type of engines (Јапіс 2014b). 


(a) Space/seating capacity of cars and vans is expressed by the number of seats. 
Cars are usually 4—5 seat vehicles. The capacity of vans is typically 8—12 seats/ 
veh (veh—vehicle). Figure 3.19а, b shows a simplified scheme of a typical car 
with 4—5 seats. 

Utilization of cars and vans is expressed as the ratio between the occupied and 
the total number of seats. For example, in the European Union (EU) 15 Member 
States, the average occupancy rate of cars in the year 2007 and 2008 was 1.54 
and 1.56 persons/car, respectively. This indicates that their utilization rate, i.e. 
load factor, was: 1.54/4 = 0.385 and 1.56/4 = 0.390, respectively (Janić 2014b). 

(b) Engines and fuellenergy used to make difference between cars and vans, which 
can generally be ICEVs (Internal Combustion Engine Vehicle(s)), HYVs 
(Hybrid Vehicle(s)), BEVs (Battery Electric Vehicle(s)), HVs (Hydrogen Vehicle 
(s)) and HFCV (Hydrogen Fuel Cell Vehicle(s)) (Janić 2014b). 


(1) ICEVs (Internal Combustion Engine Vehicle(s)) 


In the European Union (EU) 27 Member States, depending on the engine volume, the 
conventional ICEVs (Internal Combustion Engine Vehicle(s)) are generally catego- 
rized into small < 1.41, medium > 1.4 and <2.01 and big > 2.01 (1—Шшге). 
Regardless of the fuel used, the most numerous are small cars and the least their big/ 
large counterparts. Typical engine power of these small cars is about 60-80 kW. Their 
engine volume is correlated to the car weight, which is related to the fuel efficiency as 
follows: Е, = 0.004 + 5.249. W qe = 0.839) (Е, is fuel efficiency, i.e. the average 
fuel consumption (1/100 km)); W is the car weight (kg)) (Janić 2014b). 


(1) HYVs (Hybrid Vehicle(s)) 


The HYVs (Hybrid Vehicle(s)) are powered by coupled conventional petrol or 
diesel ICEs and an electromotor. The former use petrol or diesel fuel and the latter 
electric energy stored in on board batteries. These are charged by the energy from 
the ICE engine implying that recharging batteries by plugging in at the streets 
stations and/or at home is not possible. In general, the electromotor is used for 
driving at low speeds predominantly in urban areas, while the power switches to 
ICE when driving at the higher speeds requiring the higher engine power. The 
capacity and occupancy rate of these cars have also been similar to those of their 
ICE counterparts (Jani¢ 2014b). 


(ii) BEVs (Battery Electric Vehicle(s)) 


The capacity of BEVs (Battery Electric Vehicle(s)) is 4—5 seats, similarly as their 
ICE and HYV counterparts. They actually represent an advanced passenger car 
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Fig. 3.19 Scheme of typical passenger cars 


technology because being propelled by the electromotors using the electric energy 
stored in the batteries on board the vehicles. The batteries are recharged from the 
power grid (at home or at the street or shop charging stations). The WTW 
(Wheel-to-Wheel) energy efficiency of these electric cars is expected to reach up to 
about 8096. This can be achieved, among the other factors, also thanks to converting 
the stored energy into propelling the car, not consuming energy while stopping, and 
regenerating some (about 20%) through the regenerative braking. About 2096 of 
this energy consumption is due to inefficiencies in recharging the on board batteries, 
which are considered as the most sensitive parts of electric cars in terms of the 
specific energy capacity versus the weight, replacement, durability and the short 
and full charging time. With a single charge, they need to provide sufficient energy 
for the car to cover a reasonable distance at a reasonable speed as compared to its 
conventional ICE petrol/diesel cars. The contemporary lithium batteries usually 
have the specific energy capacity of about 130 Wh/kg (kg—kilogram), which is one 
of the reasons for their frequent use despite rather limited lifespan. The modified 
lithium iron phosphate and lithium-titanate battery have an extended lifespan of up 
to several thousand cycles and are relatively easily replaced. Their recharging time 
also needs to be reasonable. This time is not particularly important if recharging 
takes place at home during off-peak hours (Koyanagi and Uriu 1997). However, 
this recharging time becomes very important if recharging takes place at the road a 
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street. stations. Depending on the car's charger and battery technology, the 
recharging time can be 10—30 min to fill in batteries to about 70% of their capacity. 
For example, the models in the EU 27 market such as Nissan Leaf, Renault 
Fluence Z. E. and Hyundai Blue have the full charging time of 6—8 h and the rapid 
charging time (up to 80%) of about 25—30 min. Such batteries’ charge enables the 
ranges between 140 and 170 km and the top speed(s) of about 130-145 km/h. The 
above-mentioned characteristics make these cars particularly convenient for use in 
urban and suburban areas with rather short daily driving distances such as, for 
example, those between some airports and their rather close catchment areas (ICG 
2010; Janić 2014b). 


(iv) HVs (Hydrogen Vehicle(s)) and HFCVs (Hydrogen Fuel Cell Vehicle(s)) 


The HVs (Hydrogen Vehicle(s)) (cars) are powered by the hydrogen fuel. At 
present, two categories of these vehicles can be distinguished. The first are those 
with slightly modified conventional ICEs using hydrogen as a fuel—HVs 
(Hydrogen Vehicle(s)). In order to cover a reasonable distance, hydrogen is highly 
compressed in the fuel storage tanks of these vehicles, mainly thanks to its low 
density. 

The HFCVs (Hydrogen Fuel Cell Vehicle(s)) consist of five components dis- 
tinguishing them from their HV counterparts: the fuel cell stack, the electric motor, 
the power control unit, the hydrogen storage tank and the high output batteries. 
Specifically, the fuel cell stack consists of the individual fuel cells whose number 
depends on their size and the required electric energy. Each fuel cell uses either 
pure hydrogen from the hydrogen-rich sources or oxygen to generate electric 
energy. Fuel is used to feed the electric motor which actually propels the car(s). The 
intensity of electric energy delivered from the fuel cells to the electric motor is 
regulated by the power control unit. Hydrogen as the source of electricity is stored 
in the hydrogen storage tank either as a liquid or as a highly compressed gas. In 
addition, the high-output batteries are installed to accumulate the electric energy 
from the regenerative braking, thus providing the additional power to the electric 
motor. At present, in practice, the energy/fuel efficiency of HFCVs reaches about 
50-60% (i.e. 0.85 km/MJ or 0.327 kWh/km) if hydrogen is obtained from 
reforming the natural gas and only about 22% (i.e. 0.30 km/MJ or 0.926 kWh/km) 
if it is obtained by the electrolysis of water. However, theoretically, the overall 
energy/fuel efficiency of HFCVs can be nearly 10096 (ie. 1.39 km/MJ or 
0.198 kWh/km. and 2.78 km/MJ or 0.102 kWh/km, respectively (MJ—Mega 
Joule) (Janić 2014b). 


3.3.2.3 Operational Performances 


The operational performances of cars and vans serving to the airport landside 
accessibility are considered to be, in addition to demand elaborated in more details 
in Chap. 5, as follows: (a) capacity; (b) quality of services provided to users; 
(c) transport work; and (d) technical productivity. 
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(a) Capacity 
(1) Infrastructure 


The infrastructure capacity can be “traffic” and “transport” capacity. The former is 
defined as the maximum number of vehicles, which can pass through the “reference 
location”? on a given road/highway selected for their counting during a given 
period of time under given conditions. The latter is defined as the maximum number 
of users—passengers and/or airport and other aviation employees, which can be 
transported through the above-mentioned “reference location” during given period 
of time under given conditions. In addition, both traffic and transport capacity can 
be “ultimate” and “practical”. The “ultimate” capacity is determined under condi- 
tions of constant demand for service, i.e. the counted vehicles continuously pass 
through the “reference location” during a given period of time. The “practical” 
capacity is determined under conditions when an average delay is imposed on each 
vehicle passing through “reference location” during a given period of time. In both 
cases, “given period of time" is usually 1/4, 1/2 and/or 1 h. The basic “ultimate” 
capacity of the single road lane is 2000—2200 veh/h (veh—vehicles; h—hour) 
(Teodorović and Janić 2016). These capacities are further elaborated in more details 
in Chap. 5. 


(b) Quality of services 


Quality of service is considered as for infrastructure—roads/highways, and vehicles 
—cars and vans—serving to the airport accessibility. 


(i) Infrastructure—roads and highways 


The quality of service provided to users—air passengers, airport and other aviation 
employees, and all others—along a given segment of the road/highway to/from 
airports can be expressed by the average travel speed and consequently the average 
travel/access time. Figure 3.20 shows the relationship between this average travel 
speed and the ratio between demand—ttraffic flow (q) and traffic density (k)—and 
capacity (C) of a given segment of a given lane/route. 

As can be seen, LOS (Level Of Service) is expressed from A (the highest) to E 
(the lowest). This the average travel speed decreases less than proportionally with 
increasing of the demand/capacity ratio (g/C). For example, when this rate increases 
from 0.4 to 1.0 the average travel speed decreases from about 96 to 48 km/h. At the 
same time, traffic density increases with increasing the ratio (g/C) resulting in 
increasing of the average travel speed but not higher than 48 km/h (LOS E). In 
addition, the self-explaining Fig. 3.21a, b shows the real-life traffic conditions when 
а car driver experiences LOS A (conditions of free flow speed) and LOS E/F 
(conditions of very low speed and frequent stop-and-go operations, respectively). 





?The “reference location" is the location along the given road/highway selected for counting the 
passing-by vehicles. 
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Fig. 3.20 Relationship between travel speed and traffic flow/capacity ratio along a given segment 
of the road/highway lane (Teodorović and Janić 2016) 











(a) LOS A (b) LOS E/F 


Fig. 3.21 An example of the real-life traffic conditions with different levels of service quality 


In general, the maximum speed of individual cars and vans on the roads and 
highways between airports and their catchment areas vary from 80 to 120 km/h. 
The average operating speeds are frequently about 50—70 km/h. 


(1) Vehicles 
The quality of services experienced when using cars and/or vans privately and/or as 


taxi service embraces the attributes as indicators of performances as follows: 
(1) convenience of access; (2) reliability; (3) punctuality; (4) Internal comfort; and 
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(5) safety/security. In particular, “convenience of access” can be relevant while 
using the taxi services. It usually implies either the walking distance and corre- 
sponding time from the user’s home to the nearest taxi station or the average time, 
which the taxi needs to come to pickup a user at home after being called. 
“Reliability” implies that the travel is realized as expected, i.e. without being 
compromised by failures of the vehicle’s components. “Punctuality” refers to 
arriving at destination without significant deviations of the actual from the planned 
arrival time. “Internal comfort" in influenced by seating capacity and quality of cars 
or vans. Internal noise and smoothness of driving (without substantive stops and 
consequent decelerations and accelerations) have shown to mostly influence this 
comfort. Finally, “safety/security” has shown to be generally influenced by the 
quality and robustness of both types of vehicles and driving behaviour at the 
considered service (own or of taxi driver(s)) as well as of the others involved in 
traffic along the given airport access road or highway. 


(c) Transport work 


Transport work as one of the basic measures of output of transport systems is 
expressed by product of the vehicle capacity and transport distance (seat-km). If the 
users—air passengers, airport and other aviation employees, and others—are con- 
sidered, then the transport work is expressed as the product of their number on 
board the vehicle (at taxis not counting a driver) and travel distance—between 
given airport and its catchment area and/or vice versa. At taxi companies, the 
transport work is also measured for the fleet of vehicles as the sum of that carried 
out by individual vehicles during a given period of time (usually one year). For 
example, if the distance between a user’s home and the entry of airport passenger 
terminal is 15 km, the transport work to be carried out by private or taxi car, each 
with the capacity of four seats, will be: 4 - 15 = 60 s-km. By multiplying this with 
the occupancy rate, i.e. load factor, the transport work in terms of p-km can be 
obtained (p—passenger). 


(d) Technical productivity 


Technical productivity is defined as a product of the car’s and/or van’s space/ 
seating capacity or the user’s occupancy and the average travel speed along the 
route between a given airport and its catchment area, again for a given period of 
time. It is expressed in terms of sp-km/h? ог p-km/h? (sp—space/seat; p—pas- 
senger; km—kilometre). For example, if traffic conditions along the route between 
the user's door-home and the entry of an airport passenger terminal are charac- 
terized by the ratio: g/C = 0.77 (LOS C), the average travel speed will be about 
87 km/h (see Fig. 3.20). Consequently, the technical productivity of the fully 
occupied four-space/seat car operating during the period of 1 h will be: 4 - 1 · 87 = 
348 p-km/h? (h—hour). 
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3.3.2.4 Economic Performances 


Economic performances of car and van systems generally relate to the capital/ 
investments and operational costs of infrastructure and rolling stock/vehicles. 

The capital/investment costs in infrastructure include the expenses for building 
roads/highways, and car parking areas, and that for supporting facilities and 
equipment. Usually, these costs are spread as the fixed amounts over their lifecycle 
(for infrastructure it is usually 20—25 years). As such they represent the fixed 
component in the total infrastructure costs. The operational costs of infrastructure— 
roads and highways—generally include the expenses for their maintenance gen- 
erally varying with the road/highway conditions, traffic volumes, geographic 
location, climate conditions, work methods, technical equipment and other factors. 
Consequently, they are considered as the variable component in the total infras- 
tructure costs (Burningham and Stankevich 2005). 

The capital/investment costs for the trolling stock/vehicles—cars and vans—are 
the expenses for their acquiring. They are also spread as the fixed annual amounts 
over the period of 10—15 years. As such, together with insurance and different fixed 
taxes, they represent the fixed component of the total costs. The operational costs of 
cars and vans mainly include the expenses for fuel/energy and maintenance, and in 
the case of taxi services the expenses for drivers and other operating/supporting 
staff. As such, these costs mainly depend on the intensity of car use during the 
specified period of time (usually 1 year), thus representing the variable component 
of the total costs. 


(a) Infrastructure 


Some general figures indicated that the capital/investment costs in constructing a 
new two-lane road in rural areas would be about 1.245-1.865 million $US/km. In 
urban areas, these costs would be 1.865—3.108 million $US/km. In addition, the 
capital/investment costs in a new four-lane highway would be 2.486—3.729 in rural 
and 4.972-6.215 million $SUS/km (USGAO 2001). 

The type of road/highway maintenance mainly influenced by the above- 
mentioned rather external factors influence the corresponding costs. For example, 
for the routine maintenance, these were about: 990-2200 $US/km. On the other 
hand, for the periodic maintenance these were from about 15,300 $US/km 
(regravelling) to 68,700 $US/km (resurfacing) (Burningham and Stankevich 2005). 


(b) Rolling stocklvehicles 


The total capital/investment and operational costs of rolling stock/vehicles—cars 
and vans—have generally shown to be dependent on the power of their engines. 
Figure 3.22 shows an example of this relationship for the cars operating in Europe 
(www.ANWB.nl). 

As can be seen, the average total costs of using cars under given conditions 
(4-years age and intensity of use of 30,000 km/year) increase almost proportionally 
with increase in power of their engines. For example, they are about 30 €ct/km for 
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Fig. 3.22 Relationship between the car average total costs and engine power (period: 4 years; 
utilization: 30,000 km/year) (www.ANWB.nl) 


the car with engine power of about 60 kW and 75 €ct/km for the car with engine 
power of 170 kW (€ct—Euro cent) (www.ANWB.nl). In addition, comparing the 
costs of ICE and, for example, BE powered cars is still questionable, since BEV 
have still not substantively penetrated the market. Nevertheless, among others, three 
main factors are going to influence these costs. The first is the retail price (as the 
component of capital/investment costs), the other is the price of fuel and energy (as 
the component of operating costs), and the last is fuel/energy efficiency of both 
types of cars. For example, in Germany in the year 2017, the retail price of VW ICE 
Golf has lower than that of its BEV counterpart (power of 35.8 kWh) for about 2096 
(30,000€ vs. 36,000€). However, over time, by the year 2023 and 2028 these prices 
are expected to equalize (Erich and Witteveen 2017). The price of gasoline/diesel 
fuel and electric energy generally differs in different countries. Figure 3.23 shows 
an example of the relationship between the average energy cost of ICEVs and BEVs 
depending of the average price of gasoline and electricity, respectively, in the USA. 

As can be seen, with increasing of the price of electricity and gasoline, the 
average corresponding costs of both types of cars will increase. However, they are 
much lower at BEVs than at ICEVs due to two reasons, the lower prices of elec- 
tricity than of gasoline and much higher energy efficiency of BEVs in the given 
case (INL 2013). The energy costs have also influenced the fares of taxi services in 
most cities of the world. Figure 3.24 shows an example of these fares in NYC (New 
York City. USA) (TLC 2016). 

As can be seen, the fares based of the initial, per unit distance and per unit time 
charge have generally been increasing over the past 25 years (TCL 2016). 
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Fig. 3.23 An example of the average fuel/energy costs of the ICEV and BEV in the USA (INL 
2013) 
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Fig. 3.24 Example of the structure of fares of the NYC (New York City) taxis over time (period: 
1990-2015) (TLC 2016) 


3.3.2.5 Environmental Performances 


Environmental performances of the car and van systems serving to the airport 
accessibility are (a) fuel/energy consumption and emissions of GHG (Green House 
Gases), (b) land use and (c) waste (this latest is not particularly analysed). 
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(a) Fuel/energy consumption and emissions of GHG (Green House Gases) 
(1) ICEVs (Internal Combustion Engine Vehicle(s)) 


The ICEVs (Internal Combustion Engine Vehicle(s)) have been relatively low fuel/ 
energy efficient. This is mainly due to converting fuel into propulsion resulting in 
the most energy emitted as heat. Typical petrol and diesel ICEV engines effectively 
use only 21 and 25% of the fuel energy content to move the vehicle (Bodek and 
Heywood 2008). For example, the average fuel consumption of an average car 
using petrol, diesel and/or gas amounts about 6.7 1/100 km (0.683 kWh/km) (kWh 
—kilowatt hour). Specifically, the average fuel consumption of petrol car is 7.3 1/ 
100 km (0.706 kWh/km) (this is expected to decrease to 5.8 1/100 km (0.561 kWh/ 
km) by 2020), and that of a diesel/gas car 5.8 1/100 km (0.594 kWh/km) (this is 
expected to decrease to 4.6 1/100 km (0.493 kWh/km) by 2020). The current cor- 
responding direct emissions? of GHG are 165-200 gCO,,/km of the petrol and 140 
gCO>,/km* of the diesel cars (g—gram; CO2,.—carbon dioxide equivalents) (I— 
litre) (ICG 2010; IPTS 2003). 


(1) HYVs (Hybrid Vehicle(s)) 


The energy/fuel efficiency of HYVs (Hybrid Vehicle(s)) is about 4096 (Toyota 
Prius) and is expected to improve to about 5596 in the mid-term future. For 
example, the most efficient hybrid car in 2005 was the Honda Insight whose energy/ 
fuel efficiency was 0.64 km/MJ (0.391 kWh/km) followed by the Toyota Prius with 
0.56 km/MJ (0.491 kW h/km), and the petrol ICE Honda Civic VX with 0.52 km/ 
MJ (0.534 kWh/km) (MJ—Mega Joule) (Janić 2014a). In addition, in the year 
2010, the fuel consumption of an average hybrid electric-petrol and hybrid electric— 
diesel cars amounted about 5.4 1/100 km (0.799 kWh/km) and 4.51 1/100 km 
(0.483 kWh/km), respectively. The corresponding direct emissions of GHG were 
125gCO,,/km and 90gCO,/km, respectively. Some improvements particularly of 
the fuel supply systems in these cars are expected to contribute to decrease their 
consumption by the year 2035 to about 3.4 1/100 km (0.329 kWh/km) in the former 
and 2.45 1/100 km (0.251 kWh/km) in the latter case. The corresponding direct 
emissions of GHG will be 52 gCO,,./km and 47gCO,,/km, respectively. This 
implies that in terms of the energy/fuel efficiency and related emissions of GHG, the 
electric/petrol and electric/diesel HYVs are more efficient than their conventional 
ICE counterparts by about 25 and 3096, respectively (I—litre) (Bodek and 
Heywood 2008). 





3Direct emissions of GHG are those from direct use of energy/fuel during operations of vehicles 
They do not include emissions for obtaining a given energy/fuel. 

^CO»,— Carbon dioxide equivalency is the quantity of mixture of all pollutants from using given 
type of energy/fuel with the same potential to global warming as the equivalent amount of СО» 
(carbon dioxide) during the specified period of time (https://en.wikipedia.org/wiki/Carbon_ 
dioxide_equivalent). 
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(ш) BEVs (Battery Electric Vehicle(s)) 


The BEVs (Battery Electric Vehicle(s)) represented in this case Tesla Roadster 
BEV has the energy efficiency of about 1.14 km/MJ (0.235 kWh/km). The other 
typical electric cars are expected to have the energy efficiency of about 1.125 km/ 
MJ (0.247 kWh/km) (Hamilton 1980) and 1.583 km/MJ (0.175 kWh/km) (Toyota 
Rav4EV) (ICG 2010). As far as direct emissions of GHG are concerned, these 
depend of the primary sources for obtaining electric energy for filling in the car's on 
board batteries. These primary sources can generally be non-renewable such as 
coal, crude oil, natural gas, biomass and nuclear energy and renewable such as 
solar, wind and hydroenergy sources (EEA 2008; OI 2011). The shares of the 
above-mentioned primary sources (usually the country or a region specific) influ- 
ence the emissions of GHG by BEVs being exclusively dependent on their energy/ 
fuel efficiency. For example, in the United States of America (USA), most 
electricity is generated from crude oil and natural gas as the primary sources, and 
about 50% of that from coal. Under such conditions, a BEV would emit about 
115 gCO;/km. For the purpose of comparison, the average US ICE gasoline 
powered car emits about 250 gCO;/km (Janić 2014a; Ogden 1997; http://www. 
fueleconomy.gov/FEG/fuelcell.shtml). 


(iv) HVs (Hydrogen Vehicle(s)) and HFCVs (Hydrogen Fuel Cell Vehicle(s)) 


The HVs (Hydrogen Vehicle(s)) and HFCVs (Hydrogen Fuel Cell Vehicle(s)) are 
expected to use hydrogen derived from natural gas (CH4) and/or water (H5O). The 
manufacturing of hydrogen from the above-mentioned primary sources can be 
carried out by reforming the natural gas or the electrolysis of water at large plants or 
at the local fuel supply stations. 

Hydrogen as a fuel possesses more energy per unit of mass and lower density 
than its crude oil-based counterparts including the natural gas (Janic 2011). The 
direct emissions of GHG will be zero except the water vapour (H20), which will 
increase by about three times compared to those from the conventional ICEV and 
HYV fuels (Janić 20142). In addition, if hydrogen is derived from the electrolysis of 
water, the emissions of GHG by the HFCVs will mainly depend on the primary 
sources for obtaining the electric energy for this electrolysis, which as mentioned 
above in the case of BEVs can be from both non-renewable and renewable sources 
(http://www.fueleconomy.gov/FEG/fuelcell.shtml). Table 3.2 summarizes the main 
characteristics of the energy/fuel consumption and related emission of GHG of the 
above-mentioned car technologies. 


(d) Land use 


The land use by cars and vans implies taking the land for building roads/highways 
and parking spaces, which could be otherwise used for some other purposes such as, 
for example, agriculture, forests. The land taken can be expressed by the total area of 
roads, highways and parking areas. As far as the roads and highways are concerned 
the area of land taken, based on Fig. 3.17, can be estimated as: IT, = L - 0.012 km? 
ог L- 0.0144 km? and IT, = L - 0.0168 km? or L- 0.0216 km?, respectively, 
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Table 3.2 Average energy/fuel consumption and related emissions of GHG of particular 
passenger car technologies (Bodek and Heywood 2008; IPTS 2003; ICG 2010; IEA 2009; Janić 
2014a; http://www.fueleconomy.gov/FEG/fuelcell.shtml) 

















Technology Basic fuel/energy | Efficiency (%) | Fuel/energy Emissions of 
efficiency GHG (gCO,,/km) 
(KWh/km) 
Conventional Petrol/Diesel 20-21 0.612-0760 165-200 
ICEVs Auto gas (e) 25 0.955 - 
Petrol/Diesel 20-21 0.632 140 
Auto gas (n) - - - 
Petrol/Diesel 20-25 0.357 82-84 
Auto gas (f) - - = 
HYVs Petrol (e) 40 0.799 125 
Diesel (e) 55 0.483 90 
Petrol (e) 50 0.329 52 
Diesel (е) 65 0.251 47 
BEVs Electricity 80 0.175-0.235 (А) 
HVs Hydrogen 50 0.926 (A) 
HFCVs Hydrogen 95—100 0.010—0.327 (А) 














е existing standards; п new proposed standards to be in place by the year 2020—2035; A depending 
on the primary sources for producing electricity and/or hydrogen 


where (L) is the length of road “r” and highway “h”, respectively. In addition, at 
many large airports, a substantive area of land has been taken for parking cars either 
in the open space and/or in the single- or multi-floor garages. For example, as can be 
seen in Fig. 3.18a, in the case of parallel parking scheme, the total land taken can be 
estimated as: IT, = 5.50 · (№ · 5.50) m°, where (N) is the number of vehicles suc- 
cessively parked behind each other, i.e. parallel to the side line. In case of the 
perpendicular scheme shown in Fig. 3.18b, the total area of land taken can be 
estimated as: IT, = 9.90 - (№ - 2.25) m^ or IT,= 9.90 - (N - 2.70) т>, where (№) is the 
number of vehicles parked side by side to each other at the right angle on the side 
line. In case of the angle parking scheme, the area of land taken can be estimated, 
based on Fig. 3.18c as: IT, ғ 9.30 - (№ - 2.65) m°, where (№) is the number of 
vehicles parked side by side to each other at the specified angle. 


3.3.2.6 Social Performances 


The social performances of the car and van system serving to the airport accessi- 
bility relate to (a) noise, (b) congestion and (c) traffic incidents/accidents (safety), as 
well as contribution to the social welfare (this latest is not particularly considered). 


(a) Noise 


Noise by passing-by cars and vans operating between airports and their catchment 
areas could be disturbing for close population. In general, the actual car noise while 
operating along the roads/highways is, among many other factors, mainly dependent 
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Fig. 3.25 An example of the relationship between the level of noise and speed of car(s) (Schreurs 
et al. 2011) 


on their speed and distance between them as the noise source and an observer as 
shown in Fig. 3.25. 

As can be seen, the noise level in terms of SPL (Sound Pressure Level) 
expressed in (dB) and measured at the right-angle distance of 15 m between an 
observer and the source (passing-by car) generally increases with increasing of the 
car’s speed. In the given case, when the car’s speed increases from 60 to 100 km/h, 
the noise level will also increase from 67 to 71 dBA (Mean) and 67—73 dBA 
(Median) (dBA—A-weighted decibels). By adding the constant of 34.5 to the mean 
values of SPL, the total sound power emitted by a source in all directions has been 
estimated too. In these cases, there have not been the noise barriers between an 
observer and the noise source. 

Due to increased volumes of traffic, also that between airports and their catch- 
ment areas, the noise from cars and vans has been identified as an important 
problem requiring regulation in terms of the maximum acceptable noise levels 
under given conditions. One of such regulations has been implemented by EU 
(European Union), which set up the limits on noise by cars and vans under the 
specified conditions (EU 2014). Figure 3.26 shows these limits, which have already 
been and are going to be applicable for the new cars over different periods of time. 

As can be seen, the proposed noise limits in terms of SPL (dB) for all new and 
first registered cars time have been set up depending on their engine power/weight 
ratios for the entire considered period of time. Generally varied from 68 to 75 dBA, 
these limits have increased with increasing of the car's PW (Power-to-Weight) 





Тһе intensity of sound is expressed in decibels (dB). 
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Fig. 3.26 Noise limits to be applicable for the new cars in EU (European Union) over different 
periods of time (P/W—Power/Weight Ratio) 


ratio, i.e. at stronger and heavier cars. In addition, they have expected to generally 
decrease for all categories of cars over the forthcoming 10-year period. 


(b) Congestion 


Congestion of cars and vans has been explained by describing the quality of ser- 
vices in the scope of operational performances as shown in Fig. 3.20. Congestion 
can also be considered from the point of view of behaviour of car and van users. 
Namely, congestion happens when more and more car and van users representing 
demand for service intend to operate along a given road/highway along the same 
lane in the same direction almost at the same time. Under such conditions, the 
above-mentioned demand/capacity ratio (q/C) increases, the speed of individual 
cars, vans and entire traffic flow decreases and consequently causes the time losses 
as compared to that operating at the free flow speed. Figure 3.27 shows the rela- 
tionship between the average car travel time between an airport and its catchment 
area (CDB) and the prevailing congestion conditions along the connecting road/ 
highway lane derived from Fig. 3.20. 

As can be seen, the travel time increases more than proportionally with 
increasing of the level of congestion. The ratio between the travel time at the 
congestion ratio (q/C) = 0.2 (almost free flow speed) and that at the higher ratios 
(q/C > 0.2) represents the percent of lost time or delay on the given route. 


(c) Traffic incidentslaccidents (safety) 


Traffic incidents/accidents of car and van systems operating between airports and 
their catchment areas can also cause users’ fatalities, injuries and/or damages of the 
own and third-party properties. An indicator can be the number of such events 
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Fig. 3.27 An example of the relationship between the average travel time and level of congestion 
along the road/highway lane connecting an airport and its catchment area (CDB) 


happened during a given period of time (usually one year). In addition, this could be 
the number of such events happened per volume of car and van use or per number 
of cars and vans in use, both again during a given period of time (usually one year). 
Figure 3.28 shows an example of the relationship between the average number of 
fatalities of car occupants per unit volume of car use and the annual volume of car 
use in EU27 Members States during the period 2005-2014 (EC 2016). 

As can be seen, despite variations, the average number of fatalities has generally 
decreased with increasing of the volumes of car use. This implies that the system 
has been becoming safer at least regarding this attribute as indicator of social 
performances. These figures could also be used to assess the perceived risk of 
fatalities on the routes between airports and their catchment areas. For example, 
from Fig. 3.28, at the volume of output of the car and van system of 
4702. x 10? p-km/year, the average number of fatalities at a car with two occupants 
along the road/highway of 15 km between an airport and its catchment area (CBD) 
would be 3.033 x 10° - 2. 15 = 9.099 x 10 ? fatalities/p-km. 


3.4 Automated Cars and Vans 


3.4.1 General 


An AV (Automated or Autonomous Vehicle) or AC (Automated Car) is the one 
that takes full control of all aspects of the dynamic driving task at least for some 
time. At the currently operating cars and vans, the human drivers fully perform the 
tasks of steering and acceleration/deceleration, monitoring the driving environment, 
dynamic driving and setting up some driving modes all the time. At the partial 
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Fig. 3.28 Relationship between the number of fatalities of car occupants and the annual volumes 
of car use in the EU 27 Member States (period: 2005-2014) (EC 2016) 


automation, some of these tasks such as steering and acceleration and deceleration 
can be performed by the automated systems. At the AVs (cars and vans), three 
levels of automation could be present and carried out all the time: conditional, high 
and full, where the automated system performs the first two, the first three, and all 
four above-mentioned driving tasks, respectively. The main barriers to introducing 
the fully automated driverless cars and vans, which could also serve to the airport 
accessibility, are regulation, liability, costs, infrastructure and cyber-security. 


3.42 Components 


Similarly as at their conventional counterparts, the main components of an AV 
system will be infrastructure, traffic supporting facilities and equipment, vehicles— 
AVs, and the operating staff. 

The infrastructure is represented by the existing concrete- and asphalt-paved 
roads/highways, and parking areas with the above-mentioned horizontal and ver- 
tical geometrical layout. This implies that AVs will have to adapt to the existing 
road infrastructure and not vice versa. The exceptions will likely be in some cases 
the dedicated lanes, which, in the given context, would be set up along the roads/ 
highways connecting airports and their catchment areas (CBDs). 

The traffic supporting facilities and equipment will have to be partially changed 
in certain aspects indicating partial adaptation to the ACs in order to enable their 
efficient, effective and safe operations. 

The AVs will look like their conventional counterparts with the space/seating 
capacity of 4—5 (cars) and 8-10 (vans) seats/vehicle. They will likely be equipped 
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with the above-mentioned different engines powered by the conventional and 
alternative fuels, and/or electric energy (Offer 2015). 

The AVs operating between airports and their catchment areas are to be con- 
trolled and managed only indirectly by involved staff/employees. This is because 
there will not be directly involved drivers performing these functions. 
Consequently, the indirectly involved staff will remain to be the traffic managers 
and vehicle dispatchers at the taxi operators and traffic police. In particular, traffic 
mangers and dispatchers will continue to coordinate matching the offered vehicle 
capacity to demand in the real time. Traffic police will continue to monitor and 
control if both conventional and AVs generally operate according to prescribed 
traffic rules and procedures including interventions in cases of compromising 
safety, but particularly respecting the liability issues under given circumstances. 


3.4.3 Performances 


3.4.3.1 Infrastructural Performances 


Introduction of AVs seemingly will not require any substantive changes of the road/ 
highway infrastructure including that connecting airports with their catchment areas 
(CBDs). In general, under regular operational conditions, those using the lane 
departure warning and the lane keeping technologies will require clear lane marking 
and traffic signs due to relying on sensing these objects in order to determine the 
surrounding environment. Those using the adaptive cruise control and blind spot 
monitoring technologies will not require particular infrastructures due to relying on 
sensing of the surrounding vehicles and not on the particular infrastructure. 
However, the traffic sign recognition, automated assistance in roadwork and con- 
gestion, and auto-valet parking technologies will require the most infrastructure 
changes and additions, the latter in terms of the line marks, traffic signs, lighting, 
beacons, guide walls, and parking facilities and equipment (TRB 2017a, b). 


3.4.3.2  Technical/Technological Performances 


The AVs are expected to be powered by all types of engines as their conventional 
non-automated car counterparts. The main technical/technological distinction is 
going to be that they will be driverless thanks to be fully automated. Anyway, the 
driver will have some monitoring tasks and ability/opportunity to intervene in cases 
of failures of particular on board automated systems. Under such circumstances, in 
order to be able to safely, efficiently, and effectively operate in dynamic driving 
environment, AVs will be equipped with different sensors, cameras, radars, etc. 
They all will enable collecting the data and information from the external envi- 
ronment instead of the human driver, which will then be used as inputs for the 
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computer software recommending the appropriate actions, such as the car’s ac- 
celeration/deceleration, lane changing and/or overtaking. 

Four types of sensor and monitoring technologies have been considered such as 
(a) video camera(s); (b) lidar; (c) distance sensors; and (d) position estimators 
(Bagloee et al. 2016): 


(a) Video camera(s) detect traffic lights and all moving objects (vehicles, people, 
animals, birds). The collected information need to be processed and interpreted 
for the purpose; 

(b) Lidar as the rotating sensor on the top of AV scans the area of the radius of 
about 60 m, which are then used for creation of three-dimensional (3D) maps of 
the environment. 

(c) Distance sensor is radars at the front and back side of AV enabling measure- 
ment of distance from different objects and consequently enabling adjustment 
(reduction) of the vehicle’s speed. 

(d) Position estimators usually mounted on the left rear wheel measure the lateral 
movements and determine the vehicle’s position on the map. They include the 
above-mentioned GPS and INS (Inertial Navigation System), which could be 
coupled. This latter permanently calculates the position, speed and orientation 
(i.e. direction and speed of movement) of a moving target without any need for 
external references. 


3.4.3.3 Operational Performances 


The operational performances of AVs relate to the way of their operation and 
potential contributions to improvement in utilization of the road/highway infras- 
tructure and rolling stock/vehicles also if serving to the airport accessibility. In 
general, an AV would operate according to the following steps: 


(a) The “driver” sets a destination. The car’s software calculates a route and starts 
the car on its way; 

(b) LIDAR (Light Detection And Ranging) system monitors a 60-meter range 
around the car and creates a dynamic 3D map of the car's current environment; 

(c) A sensor on the left rear wheel monitors sideways movement to detect the car's 
position relative to the 3-D map; 

(d) Radar systems in the front and rear bumpers calculate distances to obstacles; 

(e) AI (Artificial Intelligence) software in the car is connected to all the sensors and 
has input from Google Street View and video cameras inside the car; 

(f) The AI simulates human perceptual and decision-making processes and con- 
trols actions in driver control systems such as steering and brakes; and 

(g) The car's software consults Google Maps for advance notice of things like 
landmarks and traffic signs and lights. 


A function is available enabling a human to take over the control of vehicle. 
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The potential contributions to improvement in utilization of the infrastructure 
could consist of (a) reduction of travel times; (b) increasing of the lane and inter- 
section capacity; (c) reducing the vehicle fleet size, congestion, and demand for 
parking space, and improving the vehicle utilization. 


(a) The AVs could reduce travel times through smarter route choices, automatic 
collision reports, more stable cruising speeds, better en route information about 
possible barriers in front of the vehicle including weather, choosing dedicated 
lanes and less traffic flow breakdowns; 

(b) The AVs could increase the lane capacity by shortening headways between 
successive vehicles. The capacity of intersections could be increased by 
anticipating green phases and therefore enabling more efficient and effective use 
of signal time; and 

(c) The AVs could reducing the size of rolling stock/vehicles thanks to possibility 
for sharing them, which in turn would generally increase the individual vehicle’s 
occupancy, consequently reduce congestion and demand for parking space, 
enable travelling to those with the financial limits, and improve the accessibility 
of mobility constrained people (Bagloee et al. 2016; TRB 2017a, b). 


While being used for the airport access, in addition to be more cost-efficient, the 
AVs could provide the door-to-door travel at the users own time of choice and 
just-in-time airport accessibility, which could contribute to improving the time 
efficiency of the overall air door-to-door travel. As far as the large airports are 
concerned, the need for relatively large parking spaces and road infrastructure could 
be considerably reduced. At smaller airports, AVs could become a viable alternative 
to the other existing bus and train systems (EC 2013). 


3.4.3.4 Economic Performances 


Similarly as at their conventional counterparts, the economics performances of AVs 
relate to the capital/investment and operational costs of infrastructure and vehicles. 
Those of infrastructure, not particularly being different, are explained above. The 
structure of total costs (fixed and variable) of AVs is supposed to be similar too. An 
exception is taxi services assumed to be carried out without the drivers and con- 
sequently without the cost component reflecting their salaries. However, in cases of 
presence of the monitoring persons, the corresponding costs will have to be taken 
into account anyway. At present, a lot of research has been devoted to estimate the 
costs of ACs and vans. In general, they have provided a rather distinctive figures 
(Litman 2017; _http://cityobservatory.org/how-much-will-autonomous-vehicles- 
cost/). For example, Fig. 3.29 shows the average costs of the conventional and 
AVs operating individually and in the scope of taxi services at the urban and 
regional scale—the case of Switzerland (the average use of single AV is 
15,000 km/year) (Bosch, et al. 2017). 
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Fig. 3.29 Examples of the average total costs of conventional cars and AVs—case of Switzerland 
(Bosch et al. 2017) 


As can be seen, the average costs of AVs operating as private cars at both urban 
and regional scale have been slightly higher than that of their conventional coun- 
terparts. At the same time, the average costs of AVs have been much lower than that 
of the conventional cars while both performing taxi services at both urban and 
regional scale. The main reason has been the exclusion of the costs of salaries of 
taxi drivers. In addition, these costs of AVs performing taxi services at the regional 
scale have been slightly lower than that of those operating at the urban scale, which 
could be relevant when considering serving the airport accessibility. Some other 
studies have shown that the average costs of privately used AVs could be 0.497— 
0.746 $US/p-km compared to that of the conventional cars of: 0.249-0.273 $US/ 
p-km. The cost of AVs performing the individual taxi services would be 0.528 $US/ 
p-km compared to that carried out by the conventional cars of: 1.554 $US/p-km. 
Again, this rather great difference could be caused due to excluding the costs of 
salaries for taxi drivers at the AV services (Litman 2017). Anyway, these and all 
other aspects of introducing AVs to serve to the airport access will be the matter of 
further (rather intensive) research. 


3.4.8.5 Environmental Performances 


The AVs environmental performances include, similarly as at their conventional 
counterparts, energy/fuel consumption and related emissions of GHG, and land use. 
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In general, AVs could contribute to the fuel/energy consumption and related 
emissions of GHG through reducing the required size of rolling stock and conse- 
quently congestion in combination with increasing of the proportion and more 
effective driving of the smaller mainly BEVs. Under such circumstances, even 
increasing utilization of these vehicles in terms of the annual volumes of kilometres 
travelled may not bring increasing of the above-mentioned impacts. 

Due to smaller size of rolling stock, the AVs could generally contribute to 
reducing the area of land taken for streets and roads/highways, and particularly that 
for parking, the latest close to trip destinations, which are in this case the large 
airports (TRB 2017a, b; http://www.driverless-future.com/?page_id=774/). 


3.4.3.6 Social Performances 


The social performances of AVs are again similarly as their conventional coun- 
terparts, noise, congestion and traffic incidents/accidents (i.e. safety). 

The noise of AVs will be of the similar nature as that by the conventional ones. 
As far as mobility is concerned, the AVs could enable substantive improvements in 
access and mobility to desired destinations including airports to the certain cate- 
gories of persons such as old people, youths under age 16 and disabled people. 

The AVs could contribute to reducing congestion and delays also caused by 
traffic incidents/accidents thanks to getting info about them in advance and then 
avoiding their locations. 

The AVs could also contribute to decreasing and/or even complete elimination 
of the traffic incidents/accidents caused by the driver’s errors, which have shown to 
be the main cause of almost all traffic accidents. Under such condition, they could 
contribute to increasing level of safety, including that on the roads/highways 
spreading between airports and their catchment areas (http://www.driverless-future. 
com/?page_id=774/). 


3.5 Buses 


3.5.1 Components 


The main components of the bus systems serving to the airport landside accessi- 
bility are demand and capacity, i.e. similarly to those as at the car and van system. 
The demand component is elaborated in Chap. 5. The supply component includes 
the physical sub-components such as infrastructure embracing roads/highways, bus 
stops, and stations/terminals, traffic supporting facilities and equipment, vehicles/ 
buses and fuel/energy powering them including the supporting facilities and 
equipment, and the operating staff. 
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3.5.1.1 Infrastructure 


The infrastructure used by bus systems operating between airports and their 
catchment areas consist of roads/highways, bus stops along them and the end 
stations/terminals. The bus systems share the roads/highways with cars and vans. 
The difference is only that they occupy the larger space and operate generally at the 
lower speed. In addition, these roads/highways enable setting up the bus routes/ 
lines, which usually begin at the bus stations/terminals in front of the airport pas- 
senger terminal(s) and end at the bus stations/terminals in the centres of cities/urban 
agglomerations (as mentioned above usually called CDB—Central Business 
District(s)). The intermediate stops can also be established along particular routes/ 
lines. Figure 3.30a, b shows a typical look of the bus stop along the route/line and 
of the station/terminal at its ends, respectively. 

While operating along the route(s)/line(s), the buses stop at the intermediate 
stops for a short time, thus enabling the users’ embarking in the direction to the 
airport or disembarking in the direction towards the airport catchment area (CBD). 
In some cases, the direct bus services between the airport and CDB of their 
catchment area(s) are without the intermediate stops. At the begin/end stations/ 
terminals, the buses spend longer time respecting the schedule. 


3.5.1.2 Supporting Facilities and Equipment 


In addition to the above-mentioned horizontal and vertical signalization on- and 
off-roads/highways, the supporting facilities and equipment of operations of the bus 
systems are (a) GPS (Global Positioning System); (b) ITS (Intelligent Transport 
System); (c) System for managing transit services; (d) The user/passenger infor- 
mation system; and (e) Fare collection systems. 











(b) Station/terminal 


Fig. 3.30 Typical look of the bus stops and the begin/end station/terminal 
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(a) GPS (Global Positioning System) 


The GPS (Global Positioning System) consists of satellites, which while orbiting 
send information on their position in space to the earth. The system consists of three 
main elements: (1) the space component (the GPS satellites); (ii) the control system; 
and (iii) the user component embracing in this case civilian users, i.e. in this case bus 
drivers and their GPS equipment. The space component is routing/navigating sig- 
nals, and storing and retransmitting the route/navigation messages sent by the 
control system. The control system consisting of a master control station with five 
monitor stations monitors the quality and stability of the signals and exchange 
relevant messages with the GPS satellites through ground antennas. This control 
system is also called monitoring station. The user component contains the GPS 
receiver (in this case, it is on board cars and buses), which receives the signals from 
usually four GPS satellites and determine the distance from each of them. In general, 
the vehicle—car and/or bus—position by the GPS is determined by measurement of 
their distance to satellites. In case of four satellites, the one is used to locate the 
targeted vehicle; the other three are used to trace the location place; then the former 
satellite is used to confirm the target location of each of other three satellite locations. 
Then, the GPS receiver on board the vehicles takes the information from the 
satellites to determine their exact position automatically (https://www.gps.gov/ 
applications/roads/; https://www.elprocus.com/how-gps-system-works/). Figure 3. 
31 shows the simplified scheme of configuration and operation of GPS. 





Fig. 3.31 Simplified scheme 
of configuration and 
operations of GPS for 
tracking buses 
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(b) ITS (Intelligent Transport System) 


The ITS (Intelligent Transport System) operates in the scope of urban and suburban 
bus systems including those connecting airports with their catchment areas. 
Usually, such system consists of the components such as (1) system for managing 
transit services; (ii) the user/passenger information system, and (iii) fare collection 
systems (Janić 2014b). 


(c) System for managing transit services 


The system for managing transit services is particularly characteristic for the BRT 
(Bus Rapid Transit) systems. It consists of six components such as (1) automated 
enforcement systems for exclusive bus lanes; (ii) AVL (Automatic Vehicle 
Location) system; (iii) CAD (Computer-Aided Dispatching) and advanced com- 
munications system; (iv) precision docking at bus stop system; (v) tight terminal 
guidance system; and (vi) warning system (Janić 2014b). 


(i) Automated enforcement systems 


The automated enforcement systems for exclusive bus lanes include the transit 
signal priority and the queue jump system; the former changes timing of the traffic 
signals in the various ways in order to enable priority of the BRT vehicles/buses at 
intersections (e.g. the system turns the red light to green if “recognizes” approach of 
the BRT vehicle to the intersection); the latter enables using the separate lane and 
receiving the green light signal as approaching closer to the intersection. 


(1) AVL (Automatic Vehicle Location) system 


The AVL (Automatic Vehicle Location) system is the computer-based system 
enabling tracking the buses in the real time and providing them with the information 
for the timely schedule adjustments and equipment substitutions; the core of these 
system is GPS (Global Positioning Satellite) technology and GIS (Geographic 
Information System) displaying location of the vehicles/buses on the route map 
grids in the dispatcher centre. 


(ш) CAD (Computer-Aided Dispatching) and advanced communications system 


The CAD (Computer-Aided Dispatching) and advanced communications system 
enable adjusting dwell times at the vehicle/bus stops or transfer points, the vehicle/ 
bus headways, rerouting vehicles/buses, adding vehicles/buses to routes and dis- 
patching the new to replace the disabled vehicles/buses; the drivers exchange 
communications with the dispatching centre by radiotelephones, cellular telephones 
and/or mobile display terminals. 


(iv) Precision docking at bus stop system 


The precision docking uses sensors on the vehicles/buses and on the roadside to 
indicate the exact place where the vehicle/bus should stop; this enables users— 
passengers to be in position for immediate boarding, which shortens dwell time(s) 
at the stops. 
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(v) Tight terminal guidance system 


The tight terminal guidance system uses sensors similar to those for precision 
docking to assist the vehicles/buses in manoeuvreing in the terminals with limited 
space; the system can contribute to minimizing the amount of space for the bus 
terminal operations, as well as for reducing the overall time the bus spends at the 
terminal/station; and 


(vi) Warning system 


The warning system aims at assisting/warning the vehicle/bus drivers in avoiding 
collisions, proximity of pedestrians, and low tire friction; this improves safety 
efficiency and effectiveness of the BRT system operations. 


(d) The user/passenger information system 


The user/passenger information system at terminals/stations of the bus systems and 
on board buses provides in advance information contributing to efficiency and 
effectiveness of travel decisions. At terminals/stations, displays provide the 
real-time information on the forthcoming bus arrivals/departures, transfer times and 
locations, and maps of the related routes/lines. On board the buses, the system 
automatically announce approaching the bus next stop, thus enabling sufficient time 
for preparation, speeding up users-passengers disembarking and embarking, and 
consequently shortening dwell time at terminals/stations (Janić 2014b). 


(e) Fare collection systems 


The fare collection systems are mostly automated. The bus systems generally use 
three such systems: preboard, on board and free-fare collection and verification. In 
particular, the on board system using the smart cards speeds up the fare collection 
process and eliminates expensive cash handling by drivers. The system uses the 
read-and-write technology to store the monetary value on a microprocessor chip 
inside a plastic card. Just after users-passengers enter a bus, the card reader 
determines the card's value, debits the appropriate amount for the bus ride and 
writes the balance back onto the card, all within a fraction of a second(s) (Janic 
2014b). 


3.5.1.3 Vehicles and Energy/Fuel 


The vehicles of the bus systems operating between airports and their catchment 
areas or CDBs are buses of different size, i.e. seating capacity. Depending on the 
model, this capacity can typically be 40—44 seats at conventional and 60—80 seats at 
double-decker model. The self-explaining Fig. 3.32a, b shows some models of 
these buses also operating between airports and their catchment areas. 

These buses are mainly powered by ICE (Internal Combustion Engines) of the 
power of 380 or 460 hp (hp—horse power), which consume about 10-11 1/100 km 
of Euro 4, 5 or 6 petrol or diesel/biodiesel fuel (www.volvobus.co.uk). In addition, 
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(a) Conventional bus (b) Double decker bus 


Fig. 3.32 Examples of models of buses serving to the airport accessibility 


the double-decker BE (Battery Electric) bus equipped with two electric motors of 
power of 320 kW and 320 kWh battery capacity has been planned. The bus range 
with a single charge would be 303 km, which also qualifies it for use by the bus 
airport access systems (I—litre) (BYD 2015). 


3.5.1.4 Operating Staff 


The operating staff of bus systems serving to the airport access consists of directly 
and indirectly employed people. Those directly employed are involved in per- 
forming transport services. They are drivers (one per vehicle), conductors if any, the 
station/terminal dispatchers, and the central traffic management dispatchers. The 
indirectly employed staff includes those who in some sense support carrying out 
transport services such as, for example, the ticket selling, maintenance and 
administrative employees. 


3.5.2 Performances 


3.5.2.1 Infrastructural Performances 


The infrastructure of the bus systems providing the landside accessibility of airports 
consists, similarly as that of cars, of (a) two-lane roads and the multi-lane highways; 
(b) intermediate bus stops along them; and (c) end bus stations/terminals. 


(a) Roads and highways 


In addition to length, the width of roads/highways/paths dedicated to an exclusive 
use by buses has shown to be important for enabling their exclusive and smooth 
operations without interfering with other (car and truck) traffic in both directions. 
Figure 3.33 shows the simplified scheme of the cross section of the right-of-way of 
BRT (Bus Rapid Transit) system. 
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Fig. 3.33 Simplified scheme of the right-of-way of BRT (Bus Rapid Transit) system (Vuchic 
2005) 





BRT system to NY La Guardia airport |. 











Fig. 3.34 Scheme of the horizontal layout of BRT system line/route serving NY La Guardia 
airport (https://www.google.nl/search?q=BUS+RAPID+TRANSIT&tbm) 


As can be seen, the width of road with shoulders and a “buffer” in between the 
two lanes enabling operations of buses in both directions is 14.60 m. It is noticeable 
that both lanes are wider that those in the cases shown in Fig. 3.17a, b (5.50 m vs. 3). 
In addition, Fig. 3.34 shows an example of the horizontal layout of line/route of a 
BRT system enabling access to a busy airport. 

As can be seen, in the given case the layout of the BRT line/route is influenced 
by the layout of streets in the CDB, and roads and highways towards the airport 
(NY La Guardia, New York, USA). 


(b) Bus stops 


The bus stops are designated places where the buses operating between a given 
airport and its catchment area (or CDB) it serves, and vice versa, stop in order to 
enable users-(air passengers, airport and other aviation employees, and others) to 
board and disembark, respectively. These locations are usually equipped with 
shelters, seating, and particularly those of BRT systems, with electronic passenger 
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Fig. 3.35 Simplified layout of the bus stop with elements of its geometrical design 


information systems. These latest indicate the expected arrival and departure times 
of bus services at the convenient screens. Figure 3.35 shows the simplified 
self-explaining scheme with elements of geometrical design of a bus stop. 


(c) End bus stations/terminals 


The end bus stations/terminals enable bus companies operating airport-to-city 
services to stop and pickup and/or drop-off their users—air passengers, airport and 
aviation employees, and all others. At these places usually located in or near the 
centre (i.e. CDB) of a given airport catchment area many bus routes/lines can 
originate, terminate and/or pass through. As such, they are, for example, origins of 
departing and destinations of arriving air passengers using the bus system for the 
airport access. In addition, the stations/terminals at airports can be transfer locations 
for other users than air passengers and airport employees. 

At the vehicle/bus side of stations/terminals, the bus berths or platforms can be 
used with a strict assignation to particular bus lines and operators. As well, they 
may be assigned flexibly supported by a dynamic passenger information system. 
Also in this case, information on the bus timetable is presented on the screens and 
updated accordingly. Such higher flexibility of allocating berths or platforms pos- 
sesses advantages and disadvantages. The former is that the smaller number of 
berths or platforms is needed for the given volumes of traffic. The latter is incon- 
venience for users not knowing in advance which berth or platform they are 
intended to use and go to wait for a bus there. Figure 3.36a—d shows some schemes 
of layouts of the vehicle/bus side of the bus stations/terminals with elements of their 
geometrical design. 
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(b) Saw-tooth berths or platforms 
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(c) Angle berths or platforms 
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(d) Island berths or platforms 


Fig. 3.36 Schemes of layouts of the vehicle/bus side of the bus stations/terminals (https://www. 
google.nl/search?q=bus+station/terminals&newwindow) 
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Table 3.3 Some attributes of Attributes of performance Value 
the infrastructural 
performances of the world’s e Number of systems 147 
BRT (Bus Rapid Transit) * Length of the network (km/system) 25.3/15.0* 
systems (GAO 2012; Janić * Number of corridors/lines per system 2 
2014b; Levinson et al. * Number of routes per corridor 5 
05680 • Average length of the corridor/line 32°/12.9° (28) 
(km) 
* Width/profile of the lane (m) 10.4-14.6 
* Number of stations (—/route) 32°/23° 
* Density of stations (—/km) 15/25 
* Location of the station(s) (mainly) Side/curb/ 
off-lane 
* Width/length of the station(s) (m) 9.5/50-9.5/75 
• Туре of guideways/lanes—passing Mostly yes 
lanes 
* Platform height (at the stations) Low 
* Construction time (km/year) 16-20 
* Materials used (lanes, stations) Concrete, 
Asphalt 
"Europe 
"China 


*Rest of the world 


The layout with the linear berths or platforms is primarily used by buses with the 
short stops just to pickup and drop-off users, which is actually happening at busy 
airports. The layout with the saw-tooth berths or platforms is used at the bus transfer 
centres. They can be implemented at some large airports as the centres enabling the 
bus-bus transfer between incoming and outgoing regional and/or intercity services, 
which do not exclusively serve air passengers and airport employees but also the 
regional users not directly related to the airport activities and operations. The layout 
with the island and angle berths or platforms at angles of 15?, 30? or 45? towards the 
base line is typically used at urban bus terminals where buses occupy berths for a 
longer time. This layout requires buses to drive back, which requires additional space 
to enable it to leave the berth. As well, Table 3.3 summarizes some most important 
attributes of the infrastructural performances of the BRT (Bus Rapid Transit) systems 
round the world (GAO 2012; Janić 2014b; Levinson et al. 2003a, b). 


3.5.2.2 "Technical/Technological Performances—Buses 


The ICE and electric-powered trolleybuses and BE (Battery Electric) buses oper- 
ating between airports and their catchment areas have the very similar technical/ 
technological characteristics as those operating in the scope of urban and suburban 
transport systems. The main difference between trolleybuses and BE buses is that 
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(a) Standard bus 








Width: 2.50 m 
Capacity: Seats 73/Spaces 112 


























(b) Articulated bus 


Fig. 3.37 Examples of standard and articulated bus operating in the urban and suburban transport 
systems 


the former draw power from the overhead wires (suspended by roadside poles) and 
the latter from the energy stored in batteries on board the vehicles. In the given 
context, similarly as at cars and vans, their main attributes as indicators of the 
technical/technological performances are the engine type and related fuel/energy 
used, weight and space capacity. The simplified schemes of different types of buses 
operating in the scope of urban and suburban transport systems are shown in 
Fig. 3.37a, b. 

As well, Fig. 3.38a-c gives some causal relationship between particular tech- 
nical/technological performances of different types of buses and trolleybuses 
(Vuchic 2007). 

As can be seen, Fig. 3.38a shows a linear increasing of the bus and/or trolleybus 
engine power with increasing of their length and consequently weight. 
Figure 3.38b, c shows that the buses of length of 11—13 m have the capacity of 
about 20—50 seats and about 60—80 spaces (seats and standings). The articulated 
buses and trolleybuses of the length of 17-19 m have the capacity of about 40—80 
seats and 100—130 spaces. Double-deckers of the length 9—13 m have the capacity 
of about 60—100 seats and 70—125 spaces. The BE buses are of the similar seating 
capacity (TCRP 2018; Vuchic 2007). 
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(a) Tare weight vs. engine power (Tare weight is the weight of empty vehicle) 
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(b) Capacity (spaces) vs. length - standard bus, trolleybus, and mini bus 
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(c) Capacity (spaces) vs. length - articulated and double-decker buses and trolley buses 


Fig. 3.38 Relationships between particular technical/technological performances of buses and 
trolleybuses operating in the urban and suburban transport systems (Vuchic 2007) 
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3.5.2.3 Operational Performances 


Operational performances of bus systems operating between airports and their 
catchment areas include attributes, which are, in addition to demand, as follows: 
(a) transport service network(s); (b) capacity and fleet size; (c) quality of service; 
(d) transport work; and (e) technical productivity. The *demand" is elaborated in 
more details in Chap. 5. 


(a) Transports service networks 


The bus transport service networks serving particular urban and suburban areas 
consist of lines and routes set up to cover the most spatially distributed user/ 
passenger demand. In particular, Fig. 3.39a, b shows typical schemes of the spatial 
layout of the BRT system service networks serving also to the airport access. 

As can be seen, these layouts represent the so-called corridor type networks with 
the direct bus services passing through the corridors with a single or two— begin 
and end—stations/terminals. They are fed either by the trunk services at the 
intermediate stops along the corridors or mainly by the feeder services at the 
stations/terminals at both ends of the corridors. These networks are of the different 
length. For example, some of those operated by BE buses in USA, the average daily 
range requirements vary between 150 and 257 miles, the average route length 
15—90 miles, and the average speed 15.7—40.0 miles/h (1 mile = 1.609 km) (TCRP 
2018). In addition, as mentioned above, in the case when the BRT systems serve to 
the airport accessibility, the end stations/terminals of particular corridors handling 
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Fig. 3.39 Simplified scheme of the BRT (Bus Rapid Transit) system service networks 
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Fig. 3.40 Simplified scheme of serving three London airports by the bus transport services 
(https://www.google.nl/search?q=heathrow+central+bus+station+map/) 


direct bus services are located at the airport and usually in CDB of its catchment 
area. 

In some cases, the bus networks can be established between few airports serving 
the same catchment area. The examples are three London airports (Heathrow, 
Gatwick and Stansted) and three New York airports (La Guardia, Newark and JFK 
(John F. Kennedy). Figure 3.40 shows the simplified scheme of the bus network 
connecting and serving three London airports. 

As can be seen, the passenger terminals at London Heathrow Airport are con- 
nected by direct bus services to that at Stansted Airport on the northeast and 
Gatwick Airport on the southeast. In addition, Fig. 3.41 shows the simplified 
scheme of the bus network connecting two London airports and particular cities in 
their catchment area(s). 

As can be seen, these bus network connect two airports though particular cities 
in their catchment area thus widening it. In addition, different bus operators have set 
up the networks with regular daily transport services between two London airports 
(Heathrow and Gatwick) and west and southeast of England, thus in some sense 
additionally widening their catchment areas. 


(b) Capacity and fleet size 
(i) Vehicle—bus capacity 


As mentioned above, the capacity of a single vehicle—bus (or trolleybus)—is 
expressed by the number of spaces (seats and standings) per vehicle as shown in 
Fig. 3.38a—c (Vuchic 2007). 
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Fig. 3.41 Scheme of the bus network serving cities in the multi-airport catchment area—case of 
London airports (https://www.google.nl/search?gq-heathrow-central-bus--station--map/) 


(1) Routelline and network capacity 


In addition to that of the vehicles/buses, the important attribute as indicator of 
operational performances is the capacity of bus lines/routes and that of the entire 
bus operator's network. This capacity is often expressed by the maximum number 
of offered seats during a given unit of time (usually 1 h). This is expressed as the 
product of the number of departures and the space capacity per departure along 
given line/route and/or set of lines/routes, i.e. network. Utilization of the offered 
capacity, i.e. the average load factor, is expressed by the ratio between the occupied 
and the offered spaces under given conditions. Figure 3.42 shows an example of 
dependence of the BRT system capacity and the individual bus space capacity in 
the given corridor under given operating scenario (Wright 2005). 

As can be seen, with increasing of the capacity of individual vehicle/bus, the 
transport capacity along the corridor will also proportionally increase. In addition, 
Table 3.4 gives an example of the capacity of different types of bus networks 
serving urban areas. 

As can be seen, the networks with the busway priority, which are actually that of 
the BRT systems operate at the highest average speeds and offer the highest 
capacity per unit of time. In addition, some BE bus systems operating in USA 
operate at the average speed between 25 and 64 km/h (TCRP 2018). 
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Fig. 3.42 An example of the relationship between BRT system capacity in a given corridor and 
the individual bus capacity under given operating scenario (p—passenger; h—hour) (Wright 2005) 











Table 3.4 Some Characteristics Average speed (km/h) | Capacity (p/h) 
characteristics of the speed E S Г тт _—__—_—. 
and capacity of different types * Bus shared path 16-23 2500 

of bus networks operating in * Bus lane separate | 23-30 4000 

urban areas * Busway priority 24—36 6000 











p passenger; h hour 


(ш) Fleet size 


The fleet size of buses operating along the line/route connecting an airport and its 
catchment area (i.e. CDB) is influenced by the transport service frequency and the 
average bus turnaround time. This time is defined as the interval from starting to 
returning to the departure station/terminal of the given line. For example, SkyBus 
operator schedules its buses along the line of the length of 23 km connecting 
Melbourne Tullamarine Airport (Melbourne, Australia) and its catchment area (i.e. 
CBD) every 10 min., i.e. at the service frequency of 6 veh-dep/h (veh—vehicle; 
dep—departure; h—hour). The travel time in a single direction takes 35 min 
implying the bus average turnaround time of 70 min. Under such conditions, the 
bus fleet size to carry out the schedule is 6 (veh-dep/h) - (70/60) h/dep = 7 veh 
(https://www.skybus.com.au/timetables/). 


(c) Quality of services 


Quality of service provided by the bus systems operating between airports and their 
catchment areas is characterized with the very similar, i.e. analogous, attributes as 
that of cars and vans. There are however few differences. The first relates to the 
"convenience of accesses". At the user's side, it is expressed by the walking or 
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driving distance and corresponding times from the user's location to the bus station/ 
terminal in the given airport catchment area where he/she picks up bus service to 
the airport. At the airport side, this is the distance and corresponding time between 
the bus station/terminal at an airport and the airport passenger terminal. The second 
relates to the user's experience of stops of particular bus services along the route 
enabling other users boarding and getting out from the services. The last relates to 
the bus service frequency between airport and its catchment area influencing the 
user's waiting time for departure, i.e. the scheduled delay, at both ends of the line/ 
route. This could be analogous with the waiting time for a taxi service after the call 
has been made and accepted. For example in the above-mentioned case of the bus 
services to Melbourne Airport, at 6 veh-dep/h, the schedule delay will be 1/2 - (60/ 
6) 2 5 min. 


(d) Transport work 


Transport work of the bus systems can be expressed as the product of the number of 
scheduled departures and the bus space (seats + standings) capacity per departure 
along a given route and/or over the network during a given period of time. For 
example, at the above-mentioned Melbourne Airport case, for 6 veh-dep/h by the 
buses with the space capacity of 50 seats and 60 spaces (seats and standings) on the 
route length of 23 km, the offered transport work will be: 6 - 50 - 23 = 6900 s-km/h 
and 6 · 60 · 23 = 8280 s-km/h. The transport work from the carried passengers 
can be estimated by multiplying the offered transport work by the bus occupancy 
rate or load factor. If it is on average 0.70, the corresponding transport work in 
the above-mentioned two cases will be: 6 · 50 · 23 - 0.7 = 4830 p-km/h and 
4. 60 · 15 · 0.7 = 5796 p-km/h, respectively. 


(е) Technical productivity 


Technical productivity of the bus systems is expressed as the product of the bus 
departure frequency, seat capacity per departure (vehicle) and speed.° For example, 
at the above-mentioned SkyBus line/route connecting Melbourne Airport with its 
catchment area (CBD) by 6 veh-dep/h, each by bus with the space capacity of 60 
spaces, operating at the average speed of about 40 km/h, the corresponding technical 
productivity will be: 6 · (veh-dep/h) · 60 (s/veh) - 40 (km/h) = 14,400 s-km/h?. By 
multiplying these values by the average occupancy rate or load factor, the corre- 
sponding technical productivity in terms of the volumes of p-km/h? can be obtained. 
It should be mentioned that the maximum and average speeds of buses along 
the lines/routes connecting airports with their catchment areas are typically 
80-100 km/h and 40—50 km/h, respectively. 





This can be maximal, operational, and block speed. The maximal speed is conditioned by the bus 
technical characteristics or by the speed limits imposed by the authorities. The operational speed is 
the speed maintained under given traffic and other conditions (e.g. weather, acceleration, decel- 
eration, etc.) along the route/line. Block speed is the average speed achieved between the end 
stations/terminals respecting time losses due to eventual intermediate stops. These all can be 
considered for a given line/route, set of lines/routes and/or for the entire operator’s network. 
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3.5.2.4 Economic Performances—Buses 


Economic performances of the bus systems relate to the capital/investment and 
operational costs, generally for both road infrastructure and vehicles/buses, and 
revenues from charging users—air passengers, the airport and aviation employees, 
and all others. 

The capital/investment costs include the expenses for building infrastructure— 
roads/paths, bus stops, stations/terminals, and supporting facilities and equipment 
such as, for example, the above-mentioned ITS. For the vehicles/buses, the capital/ 
investment costs are the expenses for their acquiring. These capital/investment costs 
for both infrastructure and vehicles/buses are usually spread as the fixed amounts 
over their lifecycle (for the former, it is usually 20-25 years, and for the latter, it is 
10-15 years). As such, they represent the fixed component of the total costs. The 
expenses for administration also represent the fixed cost component for the bus 
operators. 

The operational costs of infrastructure generally include the expenses for its 
maintenance generally varying with the road conditions, traffic volumes, geographic 
location, climate conditions, work methods, technical equipment and other factors. 
As such, they are considered as the variable component of the total costs 
(Burningham and Stankevich 2005). The operational costs of vehicles/buses mainly 
include the expenses for fuel/energy and maintenance, and the expenses for drivers 
and other operating staff wages. As such, they mainly depend on the intensity of 
buses use during the specified period of time (usually 1 year), thus being considered 
as an additional variable component of the total costs. Figure 3.43 shows an 
example of the average capital/investment costs in the infrastructure of the bus 
systems operating in the USA. The corresponding figures for the LRT (Light Rail 
Light) systems are given just for the comparative purpose. 

As can be seen, the average capital/investment costs in infrastructure (SUS/km) 
have been the highest at an exclusive busway and the lowest an arterial line. The 
corresponding costs for LRT have been for about two and half time higher than 
those for an exclusive busway. In addition, Fig. 3.44 shows examples of the 
average operational costs (SUS/veh-km) of the BRT systems operating in different 
US cities (veh—vehicle). Again, the corresponding costs of the LRT system are 
given for the comparative purposes. 

As can be seen, differences in the average operational costs of the BRT systems 
in the particular cities have been noticeable. They are mainly caused by differences 
and specificities in the prevailing operating conditions these cities. In addition, 
except in San Diego, the operational costs of BRT systems have been for about 6-7 
times lower than their LRT counterparts (Joseph et al. 2003; USGAO 2001). 
Finally, Table 3.5 gives a summary of the structure of average total costs for the 
selected BRT and LRT systems in the USA. 

Evidently, the capital/investment costs in the infrastructure of the BRT and LRT 
systems have differed mainly due to some specific components needed for the LRT 
such as, for example, the train signal communications, the electric power systems 
with the overhead wires to power the trains, and the rails, ties, and switches. In 
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Fig. 3.43 Examples of the capital/investment costs in the bus systems infrastructure in the USA 
(Joseph et al. 2003; USGAO 2001) 
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Fig. 3.44 Examples of the operational costs of the BRT (Bus Rapid Transit) systems operating in 
the USA (Joseph et al. 2003; USGAO 2001) 


addition, the rail maintenance facility has needed to be built in the absence of the 
existing one. In addition, the average costs per p-km and vehicle-km have been 
lower at the BRT than at the LRT systems. However, the average costs per 
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Table 3.5 Costs of selected 




















жү чач Element System 
е (GAO 2012; Janic BRE LRI 
2014b; UGAO 2001) Infrastructure and vehicle costs 
Infrastructure (millions $US/km)* 8.98 18-25 
Vehicle (millions/unit) 0.4-1.0 1.5-3.4 
Amortization period (years) 25 25 
* Infrastructure 12-15 25 
* Vehicles 
Operating costs 
* $US/p-km? 0.12 0.23 
e $US/veh-km° 3.05 8.90 
* $US/p? 3.20 2.57 








“In the USA, the average investment costs for 29 LRT systems 
amounted about 24 million $US/km 

^5 BRT and 15 LRT systems in the USA 

© "Six BRT and LRT systems in the USA 


passenger have been higher at the BRT than at the LRT indicating that the LRT 
systems have operated their services on the longer distances. For comparison, the 
average operating costs of some BE bus systems operating in USA have been about 
0.95-1.04 $US/veh-km (TCRP 2018). 

The costs of BRT systems are covered by revenues. For example, the average 
fare of 40 BRT systems operating round the world has been 1.25 SUS/p (p— 
passenger). About 6896 of the systems (27 of 40) have needed subsidies at an 
average level of 25-30% (again, for the purpose of comparison, ће LRT systems 
have also need subsidies at a level of 20-25%) (Garrett 2004; Janić 2014b; Tegner 
2004; Wright and Hook 2007). 


3.5.2.5 Environmental Performances 


Environmental performances of the bus systems operating between airports and 
their catchment areas are considered to be, similarly as the car and van systems, (a) 
fuel/energy consumption and related emissions of GHG (Green House Gases), 
(b) land use and (c) waste (this latest is not particularly considered). 


(a) Fuel/energy consumption and emissions of GHG (Greenhouse Gases) 


Fuel/energy consumption and emissions of GHG (Greenhouse Gases) by buses are 
illustrated for the BRT system, the latter again as the direct ones. These are usually 
expressed in the relative terms, i.e. as the average quantities per unit of the system’s 
output, i.e. gCO;,/p-km or gCO,,/s-km (grams of CO >,/passenger-kilometre or 
grams of CO>,/space-kilometre). In most cases, the above-mentioned relative values 
are convenient for comparison of the BRT system(s) with other urban and suburban 
transport systems as given in Table 3.6. 
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Table 3.6 Energy/fuel consumption and related emissions of CO; for the selected urban transport 
modes (averages) (Janić 2014b) 














Impact/system-mode 

* Vehicle (length/units) 12m 18m 2 units ] unit 

+ Energy/fuel consumption (g/p-km)” 8.70 11.69 5.73 40.79 

* Emissions of GHG (СО) (g/p-km) 27.85 37.41 18.37 130.53 














Based оп 75 passengers per BRT and/or LRT vehicle and two passengers per car 
“Diesel fuel 
‘US system(s) 


As shown, the standard buses (12 m long) consume less energy/fuel and con- 
sequently generate less related emissions of GHG (CO2) than their larger articulated 
counterparts (18 m long).’ However, these systems remain inferior as compared to 
the LRT systems and are superior as compared to the individual (diesel-powered) 
cars. In particular, emissions of GHG by the LRT systems always need to be 
considered respecting composition of the primary sources for obtaining the electric 
energy. This also relates to BE bus systems. Unlike their ICE counterparts and 
similarly as LRT systems, these do not have direct emissions of GHG. Their 
indirect emissions also depend on the primary sources for obtaining the electric 
energy for charging the batteries. Consequently, the emissions of GHG in terms of 
CO», (Carbon dioxide equivalents) have estimated to be about: 1.3 kg/km at Diesel, 
1.1 kg/km of CNG, and 0.5 kg/km for BE bus types (TCRP 2018). 


(b) Land use 


The land use relates the size of land taken for setting up the infrastructure for a 
given bus system. At the BRT systems, this includes land for the segregated bus- 
ways, stops along them, stations/terminals at their ends, docking/manoeuvreing, 
short- and long-term parking areas, and garages for repairs and maintenance. The 
size of taken land for the segregated busways is already discussed, and it is similar 
to that above-mentioned for roads and highways (see Fig. 3.17). In addition, 
Table 3.7 gives an example of land taken by the berths/platforms at the bus stations/ 
terminals with different parking layouts. 

As can be seen, for parking eight buses simultaneously, the layout “linear” takes 
the largest and the layout “angle” the smallest area of land. Obviously, with 
increasing of the number of simultaneously parked buses, i.e. the required number 
of berths or platforms, the area of taken land will increase accordingly at all 
above-mentioned layouts. In addition, for example, the parking space for the 
standard (12 m long—60 spaces) and for an articulated (18 m long—160 spaces) 
BRT bus is about 36 and 54 m’, respectively. Approximately, the former can 
replace 18 and the latter 40 passenger cars (4 seats), each occupying the space of at 





"The other main air pollutants are generally NO, (Nitrogen oxide), VOCs(Volatile Organic 
Compounds) CO(Carbon Monoxide) and water vapour (Puchalsky 2005). 
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Table 3.7 Examples of the Length (m) | Width (m) | Area (m2) 
area of land taken by bus : 
stations/terminals of different — Pinar 180 П 1980 
bus parking layouts (De Boer _* Saw-tooth (15) | 144 13 1872 
and Van Rossum 2009) * Angle (45°)? 57 20 1440 
* Island (15°)? 72 26 1872 











^8 buses are parked simultaneously 
PParking degree towards the base line 


most 10 m?. The resulting savings of the parking space, otherwise occupied by cars, 
would be about 144 and 346 т”, respectively. 


3.5.2.6 Social Performances 


Similarly as at individual cars, the attributes as indicators of social performances of 
the bus systems operating between airports and their catchment areas generally 
relate to (a) noise, (b) congestion and (c) traffic incidents/accidents (safety), as well 
as to contributions to the social welfare (this latest is not considered). 


(a) Noise 


Noise of buses, similarly as at the vehicles operated by other transport systems, 
generally depends on their constructive-technical/technological characteristics, 
passing-by speed and distance. It was already mentioned that buses are powered by 
different engine technologies, which also influence the level of their noise. In 
addition, some other important factors influencing the received noise from both 
types of buses are (i) distance from the noise source, i.e. passing-by vehicle(s) and 
(ii) existence of the noise barriers along the routes/lines. Figure 3.45 shows an 
example of dependency of the noise by BRT buses on their passing-by speed. 
The buses are 12-18 m long, weighting 13-17 tons empty and 32 tons full 
(vehicle + driver + passengers) with the capacity of 75—100 spaces. 

As shown, the received noise at the distance of 15 m from the passing-by BRT 
buses increases with increasing of their speed at decreasing rate. The trolleybuses 
are the least, and the diesel buses are the noisiest. The noise barriers of the sufficient 
height along the BRT routes built up of brick or concrete contribute to decreasing 
noise to and below the level of about 55 dBA® (Mishra et al. 2010). In addition, the 
urban and suburban buses operating at the speed of about 70 km/h generate noise of 
about 87.5-92.5 dBA received at the right-angle distance of about 5 m from the 
source (Cebrian 2008). 





*dB scale is nonlinear; Perception of noise: 10 dB implies that the noise level is halved; 20 dB 
implies that the noise level is quartered. 
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Fig. 3.45 Relationships between the noise and speed of the BRT vehicles (Јапіс 2014b; Ross and 
Staiano 2007) 


(b) Congestion 


Congestion of the bus systems can be considered from two aspects. The first implies 
congestion due to interference with surrounding car and truck traffic, while oper- 
ating along the mixed traffic lanes. The other implies congestion due to clustering of 
the individual buses operating along the segregated busways, particularly those with 
a single lane in each direction and without passing lane at the intermediate stops. 
This can happen in the corridors with several bus routes/lines operating the rela- 
tively frequent transport services. The trunk part of the feeder-trunk network can 
particularly suffer from this kind of induced congestion causing delays of the 
affected services. In addition, the BRT systems have contributed to savings of own 
congestion and that of the other traffic and consequently, to savings in the overall 
user/passenger travel time. For example, at 16 US BRT systems, the savings in the 
travel time compared to the previously used transit services have been from 5 to 
3596 (GAO 2012). In addition, these savings of the individual traffic have been 3296 
by BRT TransMilenio (Bogotá, Colombia), 3596 by Metrobüs (Mexico City, 
Mexico) and 45% by Metrobüs (Istanbul, Turkey) (http://brt.mercedes-benz.com/ 
content/brt/mpc/Safety.html). 


(c) Traffic incidentslaccidents (safety) 


The number of fatalities and injuries caused by traffic incidents/accidents can reflect 
safety of a given bus system, also serving to the airport accessibility. Similarly as at 
the car and van systems, one of the measures can be the number of events per unit 
of the system's output measured by the volumes of p-km carried out during given 
period of time (usually 1 year). Figure 3.46 shows an example of the relationship 
between the number of fatalities per unit of output and the annual volumes of output 
of the bus systems involved in traffic incidents/accidents in EU 27 Member States. 
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Fig. 3.46 Relationship between the number of fatalities in the bus-involved incidents/accidents 
and the annual volumes of output of bus systems in the EU 27 Member States (period: 2005-2014) 
(EC 2016) 


As can be seen, the number of fatalities per p-km in the given case has first 
increased and then decreased with increasing of the annual volumes of bus system 
output. This implies that the system as the whole has become safer. For example, at 
the volume of output of 557 x 10? p-km, along the route of length of 15 km 
between an airport and the city centre of its catchment area, the rate of fatalities of a 
bus with 40 occupants would be 1.825 x 10°. 40 - 15 = 1.0 x 10  fatalities/ 
p-km. 


3.6 Summary 


The road-based transport mode and its systems serving to the airport landside 
accessibility by connecting airports with their catchment areas have generally 
consisted of the demand and supply component. The demand component has 
included air passengers, the airport and other aviation employees, and all others 
such as senders, greeters and others visitors of the airport. The supply component 
has included infrastructure consisting of roads and highways, car parking areas, bus 
stops and bus stations/terminals; the traffic and transport supporting facilities and 
equipment embracing TCS (Traffic Control System), TMS (Traffic Management 
System) and their corresponding sub-components; the conventional and automated- 
self driving vehicles—cars and vans, and buses of different size powered by: petrol; 
diesel/biodiesel; and LPG (Liquefied Petroleum Gas) (ICE—Internal Combustion 
Engines and hybrid engines), and electricity obtained from the different primary 


3.6 Summary 113 


sources (BE—Battery Electric engines); the directly and indirectly operating staff 
(e.g. the former includes the road/highway maintenance staff, taxi and bus drivers 
and vehicle maintenance staff; the latter includes traffic police and administration); 
and the non-physical/virtual component represented by messages circulating though 
the systems with information of different kinds enabling decision-making by par- 
ticular actors involved. 

The main performances of the road-based mode and its systems serving to the 
airport landside accessibility have considered to be infrastructural; technical/tech- 
nological; operational, economic, environmental; and social. 

The infrastructural performances have been expressed by: geometric design and 
spatial layout of the roads, highways, car parking areas, and bus stops and stations/ 
terminals, and their spatial alignment. 

The technical/technological performances have been expressed by the vehicle— 
car, van, bus—space/capacity, types of engines and related fuel/energy used, and 
type of driving (driven, automated/driverless). 

The operational performances of have related to demand, capacity and fleet size, 
transport service networks, quality of services provided to users, transport work, 
and technical productivity. Specifically, the capacity and quality of services have 
been considered for both the infrastructure and vehicles. 

The economics performances have been expressed by the capital/investments 
and operational costs of both infrastructure and vehicles. 

The environmental performances have included fuel/energy consumption and 
emissions of GHG (Green House Gases), land use and waste (this latest has not been 
particularly analysed). The social performances have embraced: noise, congestion and 
traffic incidents/accidents (safety), as well as contribution to the social welfare (this 
latest is not particularly considered). The illustrative examples for the particular road- 
based systems, their components, and performances have been also provided. 


3.7 Exercises 


3.1 Specify the main components of the airport landside access road-based 
systems. 

3.2 Explain the main characteristics of the demand component. 

3.3 Explain the main characteristics of the supply component. 

3.4 Quote the main performances of the airport landside access road-based 
systems. 

3.5 Explain the concept of components and definition of performances of 
the airport landside access road-based systems. 

3.6 Specify the main attributes of the particular types of performances. 

3.7 Specify the main components of the car and van system. 

3.8 What are the main elements of TCS (Traffic Control System) and TMS 
(Traffic Management System)? 
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3.9 
3.10 
3.11 
Bale 


3.30 


3.31 
3.32 
S99 
3.34 
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What are the types of road signalization? 

Specify the main elements of the horizontal and vertical signalization. 
Specify the types of cars and vans and fuel/energy they use. 

What are the elements of infrastructure used by cars and vans serving 
the airport landside accessibility? 

What are the most important factors influencing the geometric design of 
roads and highways? 

Explain the main geometric design characteristics of roads and 
highways. 

What are the main elements of the vertical and horizontal alignment of 
roads and highways? 

Explain the relevance and importance of coordination of the horizontal 
and vertical alignment of the roads and highways. 

Describe the types of vehicular conflicts and ways of their resolving. 
What are the main geometrical characteristics of the right-of-way of 
roads and highways? 

Specify and explain the main characteristics of particular car and van 
parking schemes. 

What are the main attributes of cars and vans? 

Explain the size of particular cars and vans and types of engines and 
fuel/energy they use. 

What are the main attributes of the operational performances cars and 
vans in the given context? 

Explain the concepts of infrastructure capacity, and the infrastructure 
and vehicle—cars and vans—quality of services. 

Define the transport work and technical productivity. 

What are the economic performances of the cars and vans serving to the 
airport landside accessibility? 

Explain the differences between the capital/investment and operational 
costs for the infrastructure and vehicles of the car and van system. 
What are the most important factors influencing price s of taxi services? 
What are the main environmental performances of the car and van 
system? 

Which are the main GHG generated by cars and vans powered by 
particular fuel/energy? 

Estimate the area of land taken by roads, highways and parking areas 
regarding their dimensions. 

What are the main social performances of the car and van system? 
What is the main factor influencing noise generated by cars and vans? 
What are the main factors influencing the road and highway congestion? 
Regarding the number of traffic incidents/accidents, is the car and van 
system safe? 
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3.38 
3.39 


3.40 


3.41 


3.42 


3.43 


3.44 


3.45 


3.46 


3.47 


3.48 


3.49 


3.50 


Describe the main components and performances of the automated cars 
and vans. 

What are the main components of the bus systems serving to the airport 
landside accessibility? 

What are the main sub-components of the bus system’s supply 
component? 

What is the infrastructure of the bus system? 

What are the main components and their function of the facilities and 
equipment supporting the bus operations? 

Specify the characteristics and performances of buses operating in the 
scope of the airport landside access system(s)? 

Describe the horizontal and vertical alignment of the BRT (Bus Rapid 
Transit) routes/lines. 

Describe the layout and geometric design of the bus stop along a BRT 
line(s)/route(s) and the concepts of layout of the bus stations/terminals at 
the end of bus routes/lines. 

Specify the main technical/technological performances of the ICE and 
BE powered buses and trolleybuses—weight, length and space/seat 
capacity—and their relationships. 

Specify the main operational performances of the bus systems serving to 
the airport landside accessibility. 

Describe the concepts of bus network serving the simple and 
multi-airport catchment area. 

Describe the size and capacity of a vehicle, line/route and fleet of a bus 
system serving to the airport landside accessibility. 

Explain the quality of services provided by the bus systems serving to 
the airport landside accessibility. 

What are the transport work and technical productivity of the vehicle/ 
bus and the bus route/line serving to the airport landside accessibility. 

Define the main economic performances of the bus systems serving to 
the airport landside accessibility. 

Explain the main elements of the capital/investment and operational 
costs of the bus systems serving the airport landside accessibility. 

Are the costs of BRT systems different and for how much from those of 
the LRT (Light Rail Transit) systems? 

What are the main environmental performances of the bus systems 
serving to the airport landside accessibility? 

Describe the energy consumption and emissions of GHG of the bus 
systems and their difference from those of the LRT (Light Rail Transit), 
and car and van systems. 

What is the area of land taken for parking a given number of buses at the 
end bus stations/terminals according to different parking schemes? 
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3.55 What are the main social performances of the bus systems serving the 
airport landside access systems? 

3.56 Explain the relationships between the noise and speed of the BRT 
vehicles. 

3.57 Specify and explain the aspect of considering congestion of the bus 
systems. 

3.58 Based on the existing evidence/data on the incidents/accidents/fatalities, 
could it be said that the bus systems serving the airport landisde 
accessibility have been generally safe? 
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Сһар{ег 4 A 
The Rail-Based Mode and Its Systems: ES 
Components and Performances 


4.1 Introduction 


The rail-based landside access mode connecting airports with their catchment areas 
includes the systems such as the streetcar/tramway and LRT (Light Rail Transit), 
subway/metro, regional/intercity conventional rail, HSR (High-Speed Rail), TRM 
(TransRapid Maglev), still conceptual most recent HL (Hyperloop), and PRT 
(Personal Rapid Transit) system. These systems mainly operated as the public 
transport systems are owned by public and/or private companies. This chapter 
describes their components and analyses their performances. 

The main components of the above-mentioned systems are demand and supply. 
The demand includes the people/person demand consisting of the users-air pas- 
sengers, the airport and other aviation employees, senders, greeters, and other 
airport visitors. The air freight/cargo demand sub-component is not considered. The 
supply consists of the physical sub-components such as (i) the infrastructure 
embracing the rail lines, stops/stations along them, and the begin/end stations/ 
terminals; (ii) the rolling stock/vehicles operated by the particular above-mentioned 
systems; (iii) the power supply and supporting facilities and equipment; (iv) the 
energy/fuel powering the rolling stock/vehicles; and (v) directly and indirectly 
operating staff (e.g., the former includes the train drivers, the rail infrastructure and 
vehicle/trains maintenance staff, and traffic dispatchers; the latter generally includes 
the staff selling the transport services and the administrative staff). The 
non-physical/virtual sub-components are the messages with different information 
circulating through the systems and their physical sub-components, thus enabling 
decision-making by particular actors/stakeholders. 

The main performances of the rail-based mode and its systems serving the 
airport landside access are, similarly as at its road-based counterparts, the infras- 
tructural, technical/technological, operational, economic, environmental, and social. 
Despite being mutually interrelated, these performances are described and analysed 
independently of each other aiming at elaborating them as clear as possible. 
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Consequently, the remaining part of this chapter deals with description of the 
above-mentioned supply component of the rail-based airport landside access mode 
and its above-mentioned eight systems. In addition, it provides an analysis of 
performances of these systems means by their selected attributes. Also in this case, 
description of particular supply sub-components and analysis of performances of 
particular systems are carried out in the much wider scope. The main reason is their 
high similarity to their larger urban, suburban, and interurban counterparts. 

Because all these systems operate physically independently, description of their 
components and analysis of performances are presented together in the scope of the 
given system and separately for each of them. Such presentation enables a smooth 
following the presented material of each system operating within the same (in this 
case rail-based) transport mode. 


4.2 Components and Performances 


4.2.1 Components 


As mentioned above, the main components of the rail-based systems enabling the 
landside accessibility of airports are generally considered to be demand and supply. 


4.2.1.1 Demand 


Air passengers, airport and aviation employees, senders and greeters, visitors, and 
all others using these systems for any other purpose represent the demand. This 
demand is characterized by the intensity, and time and spatial pattern. The intensity 
implies the number of users requesting service during a given period of time. The 
time pattern implies the above-mentioned intensities taking place during particular 
hours of the day(s), days during the month(s), and the months of the year(s). The 
spatial pattern implies origins and destinations of the above-mentioned categories of 
demand in the airport catchment area. 

The air passenger demand consisting of business and leisure travellers generally 
changes over time. Its time pattern is mainly influenced by the airline schedules at the 
airports. The demand consisting of senders and greeters mainly follows the time and 
spatial pattern of air passengers, but only of those with O-D (Origin-Destination) in 
the airport catchment area. The time pattern of demand including the airport and other 
aviation employees working at airports is primarily influenced by their working shift 
(s). The spatial pattern of this demand is generally conditioned by the residence 
locations of particular airport employees in the airport catchment area. The charac- 
teristics of demand are elaborated in more detail in Chap. 5. 
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4.2.1.2 Supply 


The supply component consists of the physical and non-physical sub-components. 
The physical sub-component includes infrastructure—routes/lines and networks, 
supporting facilities and equipment, vehicles, and energy/fuel set up, and operating 
stafflemployees organized to carry out transport services matching the 
above-mentioned demand under given conditions. These include directly and 
indirectly employed staff. The non-physical sub-component, only implicitly elab- 
orated, includes different rules and procedures, which serve to controlling and 
managing operations of the physical sub-components, and messages exchanged 
between them during the real-time operations. 


4.2.2 Concept and Definition of Performances 


The rail-based mode consists of the generally different above-mentioned systems 
independently operating between airports and their catchment areas. As already 
mentioned, each system is characterized by its infrastructural, technical/techno- 
logical, operational, economic, environmental, and social performances as shown in 
Fig. 4.1. 

In general, similarly as its road-based counterpart, the above-mentioned per- 
formances of the rail-based mode and its systems indicate how they perform traffic, 
1.е., movement of the rolling stock/vehicles/trains, and transportation, 1.е., move- 
ment of both vehicles/trains and people/persons, all under given conditions. In 
particular: 


(a) Infrastructural performances relate to the physical and constructive character- 
istics and related attributes of the rail transport infrastructure—rail lines with 
tracks! connecting airports and their catchment areas, the stops along the lines, 
and the stations/terminals at their ends. 

(b) Technical/technological performances relate to the type and space (seats and 
standings) capacity of the rail rolling stock/vehicles/trains including the energy/ 
fuel powering them. In addition, these performances relate to the characteristics 
of power supply and traffic control system, the latter including the traffic sig- 
nalling system with the components located along the rail lines and on board 
the trains? power? vehicles. 





‘Rail lines with tracks are physical entities connecting airports with their catchment areas. Route is 
a path of a given vehicle/train operating along the given line constrained by the origin and 
destination station/terminal. 


°Trains’ power vehicles get energy from the power supply system enabling the operation/ 
movement of the trains. 
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Fig. 4.1 A simplified scheme 
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* Streetcar/Tramway & LRT (Light Rail Transit); 
* Subway/metro; 

* Regional/Intercity conventional rail; 

* HSR (High Speed Rail); 

* TRM (Trans Rapid Maglev); 

* HL (Hyperloop); 

* PRT (Personal Rapid Transit). 


Performances 


* Infrastructural; 
* Technical/technological; 
* Operational; 


* Economic; 
* Environmental; 
* Social. 











Operational performances embrace: (a) demand; (b) capacity of infrastructure; 
(c) fleet size; (d) quality of services provided to users, in this case air pas- 
sengers, airport and other aviation employees, and others; (e) transport work; 
and (f) technical productivity. 

Economic performances relate to: (a) capital/investment costs in the infras- 
tructure and rolling stock, and their operating costs; (b) revenues; and 
(c) profits/losses as the difference between revenues and costs. 
Environmental performances mainly relate to the physical impacts of the rail- 
based systems such as (a) energy/fuel consumption and related emissions of 
GHG (Greenhouse Gases); (b) Land use; and (c) Waste (This latest is not 
particularly considered). Only the direct impacts are elaborated without con- 
sidering their costs—externalities. 

Social performances mainly relate to the physical of the rail-based systems 
impacts such as (a) noise; (b) congestion; and (c) traffic incidents/accidents (1.е., 
safety). Also in this case, only the direct impacts are elaborated without con- 
sidering their costs—externalities. 
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4.3 Streetcar/Tramway and LRT (Light Rail Transit) 
System 


4.3.1 Components 


The main supply components of the streetcar/tramway and LRT systems are the 
infrastructure including individual lines, the set of lines constituting the network 
spreading over a given urban and suburban area, stops along the lines and stations/ 
terminals at their ends, power supply system (usually electricity), supporting 
facilities and equipment, rolling stock/vehicles, and directly and indirectly operat- 
ing staff/employees. 


4.3.11 Infrastructure 


The infrastructure can include a single and/or set of lines constituting the network. 
The former is the case when the streetcar/tramway and LRT systems serve as the 
airport access modes. In such case, a single line with the right-of-way with two 
tracks usually isolated from the interference with other traffic (type B or A) starts 
from the origin station/terminal. This is located usually in the centre of an airport 
catchment area (city centre or the centre of a given urban agglomeration, i.e., CBD 
(Central Business District)). It ends at the destination station/terminal at the airport 
preferably located very close (walking distance) or in the scope of the passenger 
terminal complex (Vuchic 2007). Otherwise, transfer of users/passengers, airport 
employees, and others is provided by different types of people mover systems. The 
width of the right-of way with two tracks enabling independent vehicle operations 
in both directions is usually 7.00—10.00 m. The length is determined by the distance 
between end stations. Figure 4.2 shows a scheme of the streetcar/tramway line 
connecting Edinburgh Airport with its catchment area (UK). 

As can be seen, the length of line is 14 km with 16 stops along it including the 
beginning and end one. The service frequency is every 7 min, and journey time 
takes about 30 min (http://www.edinburghairport.com/transport-links/trams). 

In addition, some airports are planned to be accessed by the LRT system in 
addition to the other existing systems. One such consideration has been by the 
North Texas Regional Transportation Council (Texas, USA) to realign the region's 
proposed transit connections to the airport. Consequently, the LRT line of length of 
about 23 km has been considered to connect the airport Dallas-Fort Worth (DEW) 
to downtown Dallas and Irving (USA) as shown in Fig. 4.3. 

According to the plans, the proposed line would end at the airport between 
passenger terminals A and B. In addition, Fig. 4.4 shows examples of the rela- 
tionship between some characteristics of the selected (largest) streetcar (tramway) 
networks round the world. 
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Fig. 4.2. Simplified scheme of connecting an airport by the streetcar/tramway system (Edinburgh, 
UK) (http://www.edinburghairport.com/transport-links/trams) 
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Fig. 4.3 Scheme of the LRT line connecting DFW (Dallas—Fort Worth) airport to the city centre 
(https://www.thetransportpolitic.com/2009/03/08/dallas-evaluates-proposed-transit-connections- 
to-dfw-airport/) 


As can be seen, the number of stops and the length of the streetcar/tramway 
network are relatively strongly correlated across the selected systems. From the 
given linear relationship, the average station density can be estimated. In addition, it 
can be said that the streetcar/tramway lines have closer/denser successive stops than 
their LRT counterparts. For example, at the streetcars/tramway lines serving a given 
urban area the average distances between stops are approximately 250—500 m and 
at the LRT lines 350-800 m (Vuchic 2007). Figure 4.5 shows the simplified 
scheme. 
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Fig. 4.4 Number of stations versus length of the network of the selected streetcar/tramway 
systems operating in the world (Teodorović and Janić 2016; https://en.wikipedia.org/wiki/Tram_ 
and light rail transit systems) 
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Fig. 4.5 Simplified scheme of the density of stops along the streetcar/tramway and LRT line 


At lines of both systems serving to the airport access, the density of intermediate 
stops is planned depending on the prospective demand to be caught between the 
airport and its catchment area and also in between the intermediate stops. 


4.3.1.2. Power Supply System 


The streetcar/tramway and LRT systems are powered by electric energy. This is 
obtained from the public power grid means by the transmitting facilities and 
equipment. These consist of the transforming substations and the overhead wires 
and catenaries. The substations transform ac (alternating current) from the power 
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Fig. 4.6 Typical power distribution systems for the streetcar/tramway and LRT systems lines/ 
networks (Vuchic 2007) 


distribution system into dc (direct current), which is used by dc traction motors, 
which most of these vehicles use. The wires and catenaries can be the overhead 
trolley wires of 550 or 1500 V dc, overhead catenaries of 750 V dc, third rail, or the 
overhead catenary/trolley wires of 750 V dc (dc—direct current; V— Volt). In order 
to minimize the power losses, the transforming substations are located at the rel- 
atively short distances along the lines. Figure 4.6 shows the simplified scheme. 


4.31.3 Supporting Facilities and Equipment 


The supporting facilities and equipment of the streetcar/tramway and LRT systems 
mainly relate to their traffic control systems. They enable contolling the vehicles 
moving in the same direction along the line by separating them by the safe distance. 
The “control device" is usually driver with its vision, which enables movement of 
vehicles at any distance, but at low speed. In any case, the minimum separation is 
equivalent to the minimum breaking distance at given speed and maximum decel- 
eration rate. Using such rather flexible separation provides higher capacity of the line 
but on the account of lower level of services in terms of their speed/travel time and 
reliability. In addition, the LRT systems serving the airport access and operating at 
the higher speeds are equipped with ATP (Automatic Train Protection) system (this 
is the signal-based system controlling the distance between successive vehicles 
while moving in the same direction). At this system, the track is divided into fixed 
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blocks separated by signals, which are activated by the vehicle entering the block. 
These signals can be wayside and cab signals. The former are located along the 
tracks at the block edges. The latter are displayed to the driver in the cab providing 
the information of the occupancy of the block. The signals use generally three lights 
to signalize the operational pattern to vehicles: red—stop; yellow—proceed with 
reduced speed; and green—continue with normal speed. In case of passing the red 
light, the system automatically activates the emergency braking and stops the ve- 
hicle. The system with three blocks operates as follows: as soon as the vehicle enters 
a given block, it activates the signal red light behind it, yellow on the forthcoming, 
and green on all subsequent blocks. In addition, a moving block signal system in the 
scope of the automated control systems is used, enabling shortening of the separation 
between successive vehicles. The system enables exchanging the information about 
speeds and other relevant parameters of moving trains between the control centre 
supervising all trains along a given line and the trains themselves. This is presented 
to drivers with continuous display of instructions they need to follow. In particular, 
some LRT systems can be also semi-automated, implying the automated vehicle 
operations but with drivers monitoring them. The influence of above-mentioned 
signalling systems on the infrastructural performances such as traffic and transport 
capacity based on the given operating rules and procedures is elaborated in Chap. 5. 

As well, some LRT systems are equipped by ATC (Automatic Train 
Supervision), which is actually a centre controlling and managing vehicle opera- 
tions on particular lines and/or entire network. In general, they automatically adjust 
signal lights and switches depending on the movement of each individual vehicle 
(Vuchic 2007). Consequently, it is realistic to think that the LRT systems controlled 
by fixed or moving block signalling systems in combination with the 
semi-automated vehicle operations can provide reasonable performances to serve as 
the airport access systems. 


4.3.1.4 Rolling Stock/Vehicles 


The streetcar/tramway and LRT systems use the rolling stock/vehicles/trains con- 
sisting of a single or few coupled transit units/cars. The most common composition 
at the streetcar/tramway vehicles/trains has shown to be 1—3 units/cars/vehicle, each 
with the width 2.30—2.65 m, length of 14—23 m, and capacity of 100—180 spaces 
(22-40 seats) (Vuchic 2007). In addition, a bidirectional vehicle of the 
above-mentioned Edinburgh streetcar/tramway system has the width of 2.45 m, 
length of 42.8 m, capacity 250 spaces (78 seats), the maximum operating speed 
70 km/h, and the traction power of 960 kW (kW—kiloWatt) (https://en.wikipedia. 
org/wiki/Edinburgh Tram (vehicle). 

At the LRT systems, the vehicle/train compositions have usually consisted of 
1-4 units/cars/vehicle, each with the length of 14—30 m and capacity of 110-250 
spaces (25—80 seats) (Vuchic 2007). For example, CLRV (Canadian Light Rail 
Vehicle) operating in the scope of Toronto streetcar system (Canada) has the width 
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Fig. 4.7 FLEXITY Swift LRT vehicles (Bombardier 2005) 


of 2.54 m, length of 15.23 m, capacity 132 spaces (42-46 seats), the maximum 
speed 80 km/h, and the traction power of 272 kW (https://en.wikipedia.org/wiki/ 
Canadian Light Rail Vehicle/). 

Figure 4.7 shows the typical layout of a contemporary LRT vehicle used in 
many urban and suburban areas round the world including the airport access. 

Different models of these vehicles have the width of 2.4—2.65 m, length 25— 
40 m, capacity 251 spaces (70 seats), the maximum operating speed of 70-100 km/h 
depending on the model, and the traction power of 480 kW (Bombardier 2005). 


4.3.1.5 Operating and Supporting Staff/Employees 


The operating staffs of the streetcar/tramway and LRT systems include directly and 
indirectly involved employees. The former are those executing activities in pro- 
viding transport services such as the vehicle drivers and cabin crews (staff), station 
operating staff, and vehicle/traffic controllers/dispatchers. The latter include the 
infrastructure, power system, supporting facilities and equipment, and rolling stock/ 
vehicles/trains maintenance staff, and the administrative staff. 


4.3.2 Performances 


4.3.21 Infrastructural Performances 


Infrastructural performances of the streetcar/tramway and LRT system relate to the 
geometric design of tracks and lines considered in both horizontal and vertical 
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Fig. 4.8 Typical cross section of the track of streetcar/tramway and LRT system 


plane. The main elements of this design considered here are: (a) cross section of 
tracks; (b) vertical; and (c) horizontal alignment of the lines; and (d) horizontal 
layout of stops/stations. 


(a) Cross section of tracks 


The typical cross section of the tracks is shown in Fig. 4.8. 

As can be seen, the width of the standardized tracks is 1435 mm. They lay down 
on the ballast layer, which, as a consolidated substrate, is designed to carry the 
weight of both tracks and vehicles on them. 


(b) Vertical alignment of the lines 


Similarly as at the road-based mode and its systems, the vertical alignment of the 
lines of the streetcar/subway and LRT systems is characterized by the tangent grade 
and two types of vertical curves: sag curves and crest curves. Figure 4.9 shows the 
simplified scheme of the tangent gradient as the difference between the levels of the 
begin and end of a segment of the given line. 

As can be seen, begin of a given segment of the line is point (A) and its end is 
point (B), thus defining the length of grade (L). The difference in their levels is 
(Н) influencing the angle of inclination (x). The ratio between the height (Н) and 
the run distance (D) gives the gradient (С,). In the given case, the typical gradients 
have been 8-1096 and the maximum used in operations 15%. Again, similarly as its 
road-based counterpart, the sag curves of these systems are used where the change 
in tangent grade is positive, such as valleys, while the crest curves are used when 
the change in tangent grade is negative, such as hills. Both curves are characterized 
by their length and radius, which can be roughly estimated as follows (TRB 2012): 


(i) The absolute minimum length of the crest curves (m); 


LVC = (а у?) /215 (4.1) 


132 4 The Rail-Based Mode and Its Systems: Components and Performances 








D - Distance travelled horizontally 


H - Rise 
L - Slope length 
а - Angle of inclination B 


Maximum sustained gradient: a = 8 -10% 














Gr = tana - 7-100 (96) L 











D 

















Fig. 4.9 Tangent grade of the streetcar/tramway and LRT line in the vertical plane 


(1) The absolute minimum length of the sag curves (m): 
LVS = (a - v?) /317 (4.2) 
(ш) The vertical minimum radius of both curves (m): 


R, = LVC/(0.01 - «) (4.3) 


where 


[ri is the difference in grades connected by the vertical curves (x = Су — Go); 
Су, G2 is the grade of approaching and departing tangent, respectively (96); and 
y is design speed (km/h). 


The experience so far has shown that the minimum radius of the crest curves 
should be 2350 m and for the sag curves >250 m. Anyway, for the new systems, 
the minimum radius for both curves has suggested to be > 350 m (TRB 2012). 

Additional characteristic of the streetcar/tramway and LRT system is type of 
right-of-way as the strip of land where their vehicles operate. The type is defined 
regarding the degree of separation of these systems from the other traffic. 
Consequently, the type C represents the streets with mixed traffic where the 
streetcar/tramway and LRT vehicles are given some priority. Type B implies 
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Fig. 4.10 Right-of-way of the streetcar/tramway or LRT system of type B or A positioned in the 
middle of a given street/corridor (APTA 2013; Vuchic 2005) 


longitudinal (along the lines) separation of these systems from the other traffic and 
pedestrians by different physical barriers and traffic signals. Finally, type A is 
completely isolated right-of-way from any other traffic (Vuchic 2007). Types B and 
C are usually used if both systems operate as at the airport landside access systems. 

Figure 4.10 shows an example of the right-of-way of the streetcar/runway and 
LRT system with two-tracks positioned in the middle of the given traffic street/ 
corridor—type B or A. 

As can be seen, the width of a right-of-way with two tracks enabling smooth 
operations varies from 7.00 to 10.00 m. The width of the right-off-way of type B or 
A with a single track operated by the narrow streetcar is 3.05 m and that operated 
by the wide streetcar 3.66 m. If the two-track right-of-way is located on one side of 
a given street/corridor, its width varies between 6.70 and 8.00 m. In the case when 
the right-of-ways with a single track are located at different sides of a given street/ 
corridor, the width of each is: 3.35—4.00 m (Vuchic 2005, 2007). In addition, 
Fig. 4.11 shows an example of the tunnel cross section of the LRT system in 
Frankfurt (Germany). 

The area of this tunnel cross section is 8.30 m · 6.65 m = 55.195 т^. In general, 
the elements of the vertical alignment of the streetcar/tramway and LRT system 
lines are relevant when considering the area of land to be taken for their 
implementation. 


(c) Horizontal alignment of the lines 


As far as the horizontal alignment of the streetcar/tramway and LRT system lines is 
concerned, the minimum curve radius of the racks in the horizontal plane typically 
varies between № = 18—25 m depending on the vehicle design and length as shown 
in Fig. 4.12 (TRB 2012). 
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Fig. 4.11 An example of the tunnel cross section of the LRT system line (Frankfurt, Germany) 
(Vuchic 2005, 2007) 
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Fig. 4.12 Simplified scheme of the horizontal curve radius of the subway/tramway and LRT 
system (Vuchic 2005, 2007) 


As can be seen, the horizontal curve radius should be sufficient to enable smooth 
manoeuvring of the vehicle through the curve at certain speed—12-20 km/h for the 
streetcar/tramway and 20—40 km/h for LRT system. For LRT system, it is usual to 
use the curve radius of 25 m and for the streetcar/tramway the radius of 20 m both 
for a wide range of vehicles. The radius of 18 m is used for the smaller range of 
vehicles (TRB 2012). 
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Fig. 4.13 Simplified scheme of the layout of the origin/end stations of the bus and LRT system 


(d) Horizontal layout of stops/stations 


Figure 4.13 shows the simplified horizontal layout of the interface of the subway/ 
tramway and/or LRR system and bus station/terminal enabling exchange between 
two modes and systems. 

As can be seen, the right-of-way of LRT line of the width of 7.00 m is posi- 
tioned in the middle of a given street/corridor of the total width of 21.00 m. As 
such, it enables the LRT vehicles arriving from one direction to enter the end LRT 
station/terminal, interchange users/passengers with the bus system, make a circle, 
and then leave it in the opposite direction. The buses arrive, pass, and leave the bus 
station/terminal in the opposite direction compared to that of the LRT. The con- 
venient platform within the area of both stations/terminals enables effective and 
efficient interchanging of users/passengers between two modes. Similarly as in the 
case of vertical alignment, the elements of horizontal alignment are relevant while 
considering the area of land to be taken by these systems. 


4.3.2.2 Technical/Technological Performances 


Technical/technological performances of the streetcar/tramways and LRT system 
include the power supply (traction power), the engine power, the number of units 
per vehicle, and the vehicle space capacity (space capacity is the sum of seats and 
standings). 

The traction power voltages for the streetcar/tramway and LRT systems are 
typically 750 or 1500 V dc. At the vehicles of most of these systems, the electricity 
is taken means by a pantograph from the overhead wires. Some systems also use 
power collected from the third rail along all or part of the line(s). This requires an 
additional electrified rail (which is always live) to be laid alongside the rails used by 
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Table 4.1 Some technical/ 
technological performances of 
the streetcar/tramway and 


No. of axles Capacity Engine power 
(spaces) (kW) 











LRT system vehicles (Vuchic 100-130 160-260 
2007) 6 117-209 200—300 
160-240 200-434 








the vehicles' wheels. For safety reasons, this third rail power system is not suitable 
for use within the street environment, as it usually involves high voltages—which 
typically are 600—750 V dc. 

The number of transit units per vehicle is typically 1—3 for streetcar/tramway and 
1-4 for LRT. The number of axes per vehicle reflects its space capacity, which 
influences the traction power as given in Table 4.1 (Vuchic 2007). 

As can be seen, in general, the number of axes per vehicle, space capacity, and 
traction power are positively correlated. Figure 4.14 shows the relationship between 
the engine power and the space capacity of the streetcar/tramway and LRT vehicle 
based on Table 4.1. 

It is noticeable that the engine power increases more than proportionally with 
increasing of the vehicle space capacity as intuitively expected. 


4.3.2.3 Operational Performances 


Operational performances of the streetcar/tramway and LRT systems include: 
(a) infrastructure capacity, (b) fleet size, (c) quality of services, (d) transport work, 
and (e) technical productivity. 
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Fig. 4.14 Example of the relationship between the engine power and the space capacity of the 
streetcar/tramway and LRT vehicle 
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(a) Infrastructure capacity 


Infrastructure capacity can be traffic and transport capacity. Both can be estimated 
for a segment and for the entire lines, stops along them, and begin/end stations/ 
terminals. In general, the traffic capacity is expressed by the maximum number of 
vehicles and the transport capacity by the maximum number of users/passengers, 
which can be served at the “reference location” along a given line/stop/station 
during a given period under given conditions (veh/time unit—h, day). Depending 
on the given conditions, both capacities can be ‘ultimate’ and ‘practical’. The 
former is defined for the conditions of constant demand for service. The latter is 
defined by an average delay imposed on each vehicle and passengers on board 
while being served at the “reference location”. The above-mentioned capacities 
implicitly include the maximum vehicle service frequency and the above-mentioned 
vehicle space capacity. In addition, an important operational performance is uti- 
lization of the capacity expressed as the ratio between the occupied and offered 
spaces under given/specified conditions (i.e., load factor). These are elaborated in 
more detail in Chap. 5. 


(b) Fleet size 


Fleet size of the streetcar/tramway system operating along the line connecting an 
airport and its catchment area generally depends on the transport service frequency 
and the average turnaround time of the vehicles operating there. The transport 
service frequency depends on the volume and time pattern of user/passenger de- 
mand during particular hours during the day, the average vehicle size, and the 
expected utilization of the vehicle seating/space capacity, i.e., load factor. The 
average turnaround time is defined as the time between starting and returning at the 
begin station/terminal of the line. This time depends on the length of line, average 
vehicle’s travel speed, and the number and time at stops/stations along the line 
including the time spent at the begin/end stations/terminals. For example, at the 
above-mentioned Edinburgh streetcar/tramway line, as mentioned, the transport 
services between the city centre and the airport are scheduled every 7 min (see also 
Fig. 4.2). The trip time takes 30 min. Consequently, the transport service frequency 
is: (60/7) ~ 9 veh-dep/h and the turnaround time: 2 - 30 = 60 min/veh (i.e., 1 h/ 
veh). Consequently, the required fleet size is: 9 (veh-dep/h) - 1 (h/dep) = 9 veh 
(streetcar/tramways). This is additionally elaborated in Chap. 5. 


(c) Quality of services 


Quality of services provided by the streetcar/tramway and LRT systems connecting 
airports to their catchment areas can be expressed by their transport service fre- 
quency, travel time, reliability, punctuality, and comfort on board the vehicles. The 
transport service frequency and travel time are elaborated in the scope of describing 
the fleet size (see also the explanation related to Fig. 4.2). 

Reliability is represented by the rate between carried out and planned transport 
services during a given period of time (h, day, month, year). Punctuality is 
expressed by the ratio between the transport services carried out on time and the 
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total planned/scheduled. On board comfort relates to the offered space to each user- 
air passengers, airport employees, and/or others while on board the vehicles. In the 
qualitative terms, reliability and punctuality of the streetcar/tramway and LRT 
systems have generally been considered as medium-good and good, respectively, 
compared to the bottom and upper extreme poor and very good, respectively. Based 
on the above-mentioned vehicle dimensions and space capacity, that common on 
board rate of comfort has considered to be 0.25—0.35 т2/р. In addition, the rate of 
comfort of 0.17 m?/p has been sometimes used to calculate crushing loading 
conditions (p—passenger) (APTA 2013; Vuchic 2007). 


(d) Transport work 


Transport work is defined as the product of space capacity or the number of pas- 
sengers and travel distance carried out during a given period of time (space or p-km/ 
h or day). As such, it is directly dependent on the infrastructure transport capacity 
and length of line or interstation/stop distance. Figure 4.15 shows a scheme of a 
vehicle of the LRT vehicle with specification relating to its composition and cor- 
responding space capacity, and design speed. 

Consequently, with the total space capacity of the two-unit vehicle is 2 · 256 = 
512 spaces/veh. If the load factor is 0.50 (i.e., 50%), the transport work carried out 
along the line of length of 5 km is equal to: 512 · 0.5 · 5 = 1250 p-km (passenger 
kilometres). For the four-unit vehicle operating along the same line with load factor 
of 0.30, the transport work will be: 4 - 256 · 0.30 · 5 = 1536 p-km. 


(e) Technical productivity 


Technical productivity is defined as the product of the vehicle or line space offered 
capacity or the number of passengers transported during a given period of time by 
such offered capacity and the vehicle(s) operating speed (spaces or p/h-km/h = 
spaces or p-kn/b?). From Fig. 4.15, if only a single two-unit vehicle is scheduled 
during one hour at the speed of 90 km/h with load factor 0.50, the technical 
productivity will be: 1 - 512 (spaces/h) - 0.50 - 90 (km/h) = 23,040 p-km/h?. By the 
way, the maximum speed and operating (including acceleration, deceleration, 
and stops) speed of the most streetcar/tramway systems have been 60—70 and 











Train set - 2 units/vehicle; Passenger capacity - 256 spaces/unit 
Designed speed: 90 km/h 




















Fig. 4.15 Simplified scheme of a LRT vehicle 
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12—20 km/h, respectively. Those of the most LRT systems have been 60—120 and 
20-40 km/h, respectively. The typical operational acceleration/deceleration rate has 
been 1.0-1.2 m/s? and the emergency deceleration rate 3.0 m/s? (Bombardier 2005; 
Vuchic 2007). In general, while serving as the airport landside access systems, both 
streetcar/tramway and LRT are expected to operate at higher speeds thanks to 
running along the right-of-ways of type B or A and having smaller number of 
intermediate stops. 


4.3.20.(4 Economic Performances 


Economic performances of the streetcar/tramway and LRT systems relate to their 
(a) capital/investment, and (b) operating costs, and revenues. 


(a) Capital/investment costs 


Capital/investment costs include the expenses for building, installing, and capital 
maintaining infrastructure (lines), supporting facilities and equipment (power sup- 
ply and traffic control/management system), and acquiring and maintaining rolling 
stock (vehicles). The operating cost includes the expenses from the daily, monthly, 
and annual operations. These are those from the energy consumption, operating 
staff, daily maintenance of the systems’ components, administration, etc. Usually, 
these costs are expressed as the average unit expenses per the system's output in 
terms of seat (s-km) and/or passenger kilometres (p-km) carried out during a given 
period of time (year). Figure 4.16 shows examples of the average capital/invest- 
ment costs per km of line of the streetcar/tramway systems in the US cities. 

As can be seen, these costs have been quite diverse, implicitly indicating the 
specificity of conditions of implementing the street/tramway lines/networks in 
particular cities. By comparison, the capital/investment costs of implementing LRT 
system infrastructure have typically ranged between US$11 million and US 
$40 million per kilometre. Figure 4.17 shows an example of these costs per unit of 
line of the LRT system in the UK (United Kingdom). 

As can be seen, also in this case these unit costs have been quite diverse, again 
reflecting the specificity of the implementing conditions at particular places (DfT 
2011). In addition, Fig. 4.18 shows the relationship between the length of the line/ 
network and the average unit capital/investment costs of the above-mentioned UK 
LRT systems. 

As can be seen, the average capital/investment infrastructure costs have 
decreased more than proportionally with increasing of the length of LRT line/ 
network, indicating existence of the economies of scale (distance) of capital/ 
investment costs. In addition, the average cost of acquiring a LRT vehicle has been 
about 4—6 million $US/veh (Wright 2006). 





?This is a proportionate reducing in the unit and/or total costs by an increased level of output, in 
this case length of the LRT line/network. 
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Fig. 4.16 Capital/investments costs in the infrastructure for the streetcar/tramway systems in the 
selected US cities (Brown 2013) 
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Fig. 4.17 Capital/investment infrastructure costs of the LRT systems іп UK (DfT 2011) 


(b) Operating costs and revenues 


Operating costs embrace the expenses for daily operations such as energy, staff, 
material. Figure 4.19 shows the average operating cost of the above-mentioned 
streetcar/tramway systems in the same US cities. 

Again, the quite distinct values are noticeable, implicitly reflecting the scale 
of operations of particular systems and the above-mentioned inputs for such 
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Fig. 4.18 Relationship between the average capital/investment infrastructure costs and length of 
line/network of the LRT systems in UK (DfT 2011) 
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Fig. 4.19 Average operating cost of the streetcar/tramway systems in the selected US cities 
(Brown 2013) 


operation—generally vehicles, energy, and labour, i.e., operating staff. In addition, 
Fig. 4.20 shows the average unit operating cost of the LRT system in some US 
cities/urban agglomerations. 

As can be seen, this cost has been highly diverse, again reflecting diversity in 
operating conditions on the one side, and the volumes of demand and on the other 
engagement of the resources to match these volumes of demand—vehicles, energy, 
and operating staff. 
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Fig. 4.20 Average operating cost of the LRT systems operating in the selected US cities (Garrett 
2004) 


At both subway/tramway and LRT systems, the average operating cost increased 
by the appropriately allocated capital/investment costs has been used as the basis to 
set up the fares. In most cases, the fares providing revenues for transport operators 
have not covered the costs and consequently required subsidies by the local 
authorities. For example, the average cost coverage of the LRT systems in the USA 
has been about 30% (Garett 2004). The similar economic performances have shown 
to be at these systems, serving as the airport access systems. However, some LRT 
systems in Europe have managed to fully cover their costs (TfL 2015). 


4.3.2.5 Environmental Performances 


Environmental performances of the subway/tramway and LRT systems are con- 
sidered to be: (a) energy consumption and related emissions of GHG (Greenhouse 
Gases), and (b) land use. Only the possible impacts are considered without quan- 
tifying their costs as externalities. 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


The streetcars/tramway and LRT systems are powered by electric energy, which 
can be obtained from different primary sources. This electricity can be obtained 
from different primary sources, in which each has average emission factor of GHG 
as follows: coal—206 gCO2/kWh, natural gas—106 gCO;/kWh, hydro—4.4 gCO;/ 
kWh, апа nuclear—0.0 gCO;/kWh. These values can vary across particular 
countries depending on the specificity of technologies used for obtaining electric 
energy from particular primary source (Spadaro et al. 2000). 
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The streetcars/tramway and LRT systems in addition to consuming energy also 
save it thanks to regenerative braking technology, which enables them to convert 
the kinetic energy of the moving vehicle into electrical energy when it starts 
decelerating and breaking. Some contemporary streetcars/tramways such as 
Siemens’ Combino Plus, can recover about 30-42% of the energy used to power 
the vehicle. In addition, when the number of passengers on board the vehicle is 25 
(the vehicle capacity is 155 spaces), the average energy consumption of a con- 
temporary streetcar/tramway is about 0.08 kWh/p-km (Condon and Dow 2009). 
Consequently, based on the above-mentioned emission factor of GHG, the average 
emission rates of GHG in terms of CO», (Carbon Dioxide Equivalents) by a con- 
temporary streetcars/tramways can be as follows: 0.08 · 206 = 16.48 gCO5,/kWh if 
coal, 0.08 - 106 = 8.48 gCO>,/kWh if natural gas, 0.08 · 4.4 = 0.352 gCO2,./kWh 
hydro, and 0.08 · 0.0 = 0.000 gCO,,/kWh, if the nuclear energy is exclusively used 
as the primary source for obtaining the electric energy (Condon and Dow 2009). In 
most countries, the electric energy is obtained from the mixture of different sources. 
Therefore, the actual average unit emissions need to be appropriately adjusted. The 
average unit energy consumption of 18 selected LRT systems in the USA has 
shown to be 0.490 kWh/p-km and the average emission rate of GHG (CO;) 
58.7 gCO»/p-km (the year 2007) (Henry et al. 2009). 


(b) Land use 


The streetcar/tramway and LRT lines with the right-of-way containing two or more 
tracks enabling vehicle operations in both directions and stops/stations along them 
occupy land, which could be used exclusively (right-of-way B and A) by the system 
or partially shared with other urban and somewhere suburban road transport sys- 
tems—passenger cars, buses, and light trucks (right-of-way C). As shown in 
Fig. 4.10, the typical width of the ROW (right-of-way) with two-tracks is 7.00— 
10.00 m, excluding land for the stations along the lines and those at its both ends 
(Vuchic 2007). Some statistics have shown that 176 streetcar (tramway) systems 
with 1149 lines of the total length of 14,676 km operate in Europe, which make the 
average of 6.5 lines/system, 12.8 km/line, and 84 km of network (ERRAC 2012). 
By multiplying the total length of lines by the above-mentioned right-of-way with 
two tracks, the total area of occupied land by the streetcar/tramway infrastructure, 
excluding stations and supportive facilities and equipment) can be approximately 
estimated as: 14,676 - (7.00-10.00)/10° = 102.73-146.76 km? (km?— square 
kilometre). However, these numbers should be considered only as an illustration 
because they contain information on both streetcar/tramway and LRT systems, 
although the former actually predominates. 

The intensity of use of taken land by the streetcar/tramway systems can be 
estimated as the ratio between the total systems' output in terms of the number of 
passengers and/or p-km (passenger-kilometres) carried out during given period of 
time and the total area of taken/occupied land. As an example, in the 
above-mentioned case, the total number of passengers carried out by 176 systems in 
the year 2006 has been about 9.7 x 10°. This gives the average intensity of land 
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use as follows: 9.7 х 10°/102.73 = 94.4 x 10° p/km? year and 9.7 x 10°/146.76 = 
66.09 x 10° p/km? year (p—passenger) (ERRAC 2012). 

The land taken by the LRT (Light Rail Transit) system(s) infrastructure can be 
determined similarly as that occupied by the streetcar/tramway systems (Vuchic 
2007). Then, by multiplying the length of lines by the width of the right-of-way of 
7.00—10.00 m, the total area of land can be estimated, again not including the length 
occupied by stations and other supportive facilities and equipment. In the case of 
the above-mentioned 18 LRT systems in the USA, their total length in the year 
2009 has been 936.3 km (one-way line) (Schuman 2009). Respecting the width of 
profile of 7.00—10.00 m, the total area of occupied land can be estimated as: 
936.3 - (7.00-10.00)/10? = 6.554—9.363 km’. 

The total annual volumes of p-km carried out by these systems in the year 2007 
were 2932.84 x 10° (Henry et al. 2009). Then, the annual intensity of land use is 
estimated as 2932.84 x 10°/6.554 = 447.489 x 10° p-km/km? year, and 2932.84 x 
10°/9.363 = 313.237 p-km/km? year (Teodorovié and Janié 2016). 


4.3.2.6 Social Performances 


The social performances of the streetcar/tramway and LRT systems include: 
(a) noise, (b) congestion, and (c) traffic incidents/accidents (safety). In the given 
context, only direct impacts from the sources are considered without quantifying 
their costs as externalities. 


(a) Noise 


The streetcar/tramway and LRT systems generate direct noise during their opera- 
tions, which among other factors primarily depend on the vehicle’s speed. This 
noise is measured at the noise ‘reference location’, which is usually at the 
right-angle distance of 15 m from the tracks, 1.е., passing-by vehicle(s). Some 
measurements indicated that the noise generated by passing-by streetcar/tramway of 
the length of 20 m at the distance of 15 m remained constant at the level of about 
72 dBA for the range of speeds 0—24 km/h; then, with increasing speed from 24 to 
40 km/h, it increased to about 75 dBA; and it then continued to increase sharper to 
about 80 dBA at the speed of 64 km/h. As can be intuitively expected, this noise 
decreased more than proportionally with increasing of the distance between the 
observer and its source [operating streetcars (tramways)] (DDOT 2013). 

The LRT vehicles usually consist of 2—3 transit units frequently operating at 
speeds of 55—60 km/h on the lines with more dense stops/stations and 65—70 km/h 
along the lines with less dense stations (these latter are those connecting airports 
with their catchment areas). Some measurements indicated that the standing LRT 
vehicle generated noise of about 67 dBA, that operating at the speed of 40 km/h the 
noise of 77 dBA, at the speed of 60 km/h the noise of 78—79 dBA, and at the speed 
of 80 km/h the noise of 80 dBA, all at the right-angle distance of 15 m from the 
tracks (Janić 2014). 
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(b) Congestion 


The streetcar/tramway and LRT systems are generally considered as free of con- 
gestion free of traffic congestion and related delays while operating under regular 
operating conditions due to three reasons: the nature of operations implying the 
space-time separation of the successive vehicles moving along the same track in the 
same direction; is the double track lines, enabling simultaneous vehicle operations 
in both directions without interfering with each other; and positioning of the lines/ 
tracks, usually along the isolated corridors (right-of-way B or A) preventing 
interference of the systems’ vehicles with other traffic. However, in some cases the 
streetcars/tramways can impose additional congestion and delays on other vehicles 
—passenger cars and buses—sharing the same corridors (right-of-way C) due to 
assigned higher priorities. 


(c) Traffic accidents/incidents (safety) 


Safety of the public transport systems operating in a given urban and as the airport 
access systems can be expressed as the perceived risk that a person on board loses 
life or be seriously or lightly injured due to incidents and/or accidents. This per- 
ceived risk reflecting safety has frequently been measured by the number of events 
and the number of events per unit of the system output (veh-km or p-km) during the 
specified period of time. For example, Fig. 4.21 shows the rate of accidents/inci- 
dents per unit of the system output (veh-km) at the streetcar/tramway systems in 
France and the city of Zagreb (Croatia). 
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Fig. 4.21 Incident/accident rate (i.e., safety) statistics of the streetcar/tramway systems in France 
and the city of Zagreb (Croatia) over time (period: 2003—2012) (Brčić et al. 2013; De Labonnefon 
and Passelaigue 2014; Teodorović and Janić 2016) 
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Fig. 4.22 Incidents/accident (i.e., safety) statistics of the US LRT systems over time (period: 
2001-2011) (Teodorović and Janić 2016; USDT 2015) 


As can be seen, the accident/incident rate decreased from 0.45 in the year 2003 
to 0.39 in the year 2012, and from 0.30 in the year 2003 to 0.173 in the year 2012 at 
the Croatian system, all per 10° veh-km/year. Therefore, it can be said that the 
perceived risk of accidents/incidents at both systems has been decreasing and the 
safety as the risk's counterpart increased (Brčić et al. 2013; De Labonnefon and 
Passelaigue 2014). 

The safety of LRT is again measured by different indicators similarly as that of 
the streetcar/tramway system—by the number of events and the number of events 
per unit of the system output (veh-km or p-km) during the specified period of time. 
Figure 4.22 shows an example of the number of accidents/incidents, fatalities, and 
injuries at the LRT systems in the USA during the observed period. 

As can be seen, the number of fatalities has been negligible compared to the total 
number of events and injuries. The latest two have significantly changed (de- 
creased, increased) over time and finally decreased towards the end of the observed 
period. The high difference between the number of injuries and fatalities also 
indicates that the accidents/incidents were mainly caused the former and much less 
the latter damages. In addition, Fig. 4.23 shows an example of the relationship 
between the accidents/incident rate (events/veh-km) and the volume of the US LRT 
systems' annual output. 

As can be seen, the accident/incident rate was decreasing with increasing of the 
annual output of the LRT systems, thus indicating improvements of their safety. 
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Fig. 4.23 Accident/incident rate versus the volume of output of the US LRT systems (period: 
2001-2010) (Teodorović and Janić 2016; USDT 2015) 


4.4 Subway/Metro System 


4.4.1 Components 


The subway/metro systems are usually considered as the backbones of urban and 
suburban transport systems in many large urban agglomerations. The main supply 
components of these systems are the same (analogous) as that of the streetcar/ 
tramway and/or LRT systems. These are the infrastructure including the individual 
lines, set of lines constituting the network spreading over a given urban and sub- 
urban area, stations along the lines and stations/terminals at their ends, power 
supply system (usually electricity), supporting facilities and equipment, rolling 
stock/vehicles/trains, and directly and indirectly operating staff/employees. In par- 
ticular, the horizontal layout of subway/metro networks can be different depending 
on the size, shape, and concentration of particular population activities of the urban 
agglomeration generating passenger demand they serve. Figure 4.24a-c shows 
some examples of the subway/metro system networks. 

As can be seen, the network can consist of the single and/or several lines and 
stations at certain distance along them. In any case, one of these lines can also serve 
to the airport access. 


4.4.1.1 Infrastructure 
The subway/metro system(s) consisting of a single line serves the airport access 


similarly as its streetcar/tramway counterpart. This usually starts from the origin 
station/terminal located somewhere in the centre of an airport catchment area 
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Fig. 4.24 Examples of the 
horizontal layouts Bii 
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(city centre or the centre of a given urban agglomeration) and ends at the destination 
station/terminal at the airport, again preferably located very close (walking dis- 
tance) or in the scope of the passenger terminal complex. Otherwise, transfers of 
users/passengers, airport employees, and others are provided by different types of 
people mover systems. In some cases, the line(s) can pass through entire city (urban 
agglomeration) before spreading towards the airport(s). The right-of way of 
two-track line(s) is usually of type A, implying compete isolation from the inter- 
ference by other traffic. The lines can be the surface or underground tunnel 
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Fig. 4.25 Scheme of the subway/metro network serving the access to Athens airport (Greece) 
(https://en.wikipedia.org/wiki/Athens Metro/) 


constructions, the latter with circular and/or rectangular shape(s). The length of 
these lines is determined by the distance between above-mentioned end stations/ 
terminals. Figure 4.25 shows the horizontal layout of the subway/metro network 
including the line serving the access to the Athens International Airport (Athens, 
Greece). 

As can be seen, this can be considered as some kind of the radial network. The 
line M3 of the length of 39 km and 21 stations starts at one (West) end of the city of 
Athens passes through it and ends at the other (East) end of the city at the airport. Its 
spatial coverage implies that it also serves the trips with origins and destinations 
within the city. The service frequency from the city centre (station Syntagma) of 
2 dep/h each takes about 40 min to the airport. The offered capacity by 6-car train is 
1032 seats/dep (dep-departure) (http://www.ametro.gr/?page_id=4383&lang=en/). 
In addition, Fig. 4.26 shows an example of the relationship between the length of 
network and the number of stations of 154 subway/metro systems operating 
worldwide (UITP 2014; https://en.wikipedia.org/wiki/List of metro systems/). 

As can be seen, the number of stations in the subway/metro network increases in 
line with increasing of the length of the network, thus indicating that on average, 
the stations has been located at a distance about 650 m. 
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Fig. 4.26 Relationship between the number of stations and length of the selected subway/metro 
networks in the world's cities (UITP 2014; https://en.wikipedia.org/wiki/List_of_metro_systems) 


4.4.1.2 Power Supply System 


The subway/metro systems are powered by the electricity obtained from the public 
power grid. The principles of transferring this electricity from the power plant(s) to 
the vehicles are analogous to that at the streetcar/tramway and LRT systems (see 
Fig. 4.6). The overhead catenaries and/or third rail provide a power from 630 V dc 
(Chicago) to 1500 V ас (Tokyo) system (Vuchic 2007). 


4.41.3 Supporting Facilities and Equipment 


Supporting facilities and equipment of the subway/metro systems relate to their 
traffic control systems, which control vehicles/trains moving in the same direction 
separating them by the safe distance along a given line. The “control device” is 
usually ATP (Automatic Train Protection) signal-based system, controlling the 
distance between successive vehicles moving in the same direction. Similarly as at 
the streetcar/tramway and LRT systems, the track(s) is divided into fixed blocks 
separated by the wayside or cab signals, which both are activated by the vehicle 
entering the block. The signals also use generally three lights to signalize the 
operational pattern to vehicles: red—stop; yellow—proceed with reduced speed; and 
green—continue with normal speed. In addition, the moving block signals have been 
used in the scope of ATO (Automatic Train Operations). This has covered a range of 
levels of automation, from the basic driving operations to the running subway/metro 
vehicles—trains with no drivers. These individual train automated operations have 


4.4 Subway/Metro System 151 


been supported by ATS (Automatic Train Supervision) sub-system(s). The ATS 
sub-system supervises the train operations carried out on a given line or in the 
network in terms of monitoring and acting to maintain the train operations according 
to the planned schedule, and reliable, punctual, and safe as well. In addition, the 
system provides distribution of information to users/passengers both inside the trains 
and at the stations. The earliest fully automated operations of a metro lines were in 
Kobe (Japan) in 1982, Lille (France) in 1983, and Vancouver (Canada) in 1985. The 
Kobe and Lille systems were based on the fixed-block technology followed Osaka 
(1982), Copenhagen Metro (2002), and Dubai metro system. The Vancouver system 
utilized CBTC (Communications-Based Train Control) technology. The same 
(CBTC) technology was used in Lyon Line D (1992), Paris Meteor Line (1998), 
Kuala Lumpur (1998), and Singapore North-East Line (2003). In addition, most 
subway/metro lines and networks are controlled by the traffic controller usually 
working at OCC (Operations Control Centre) where a number of automated systems 
similar to ATS for traffic control are provided and most functions automated. 
However, the main role of the OCC is to replace the automated systems in cases of 
the unpredictable failures of the particular system components and other disruptions 
when the human intervention becomes needed (MUD 2003). 


4.4.1.4 Rolling Stock/Vehicles/Trains 


The subway/metro systems use the rolling stock/vehicles/trains consisting of a 
single or a few coupled transit units/cars. The most common composition of the 
vehicles/trains has shown to be 3—4 and also 5 units/cars/train-vehicle, each with the 
width of 2.5-3.2 m, length 14.6—22.9 m, and capacity of 125—280 spaces (47—50 
and 62 seats) (Vuchic 2007). For example, the Amsterdam four-axle subway/metro 
vehicle-train has the length of 18.7 m and the capacity of 179 spaces (50 seats), 
traction power 750 V dc, the vehicle engine power 360 kW, and the maximum 
operating speed 80 km/h. The Sao Paulo (Brazil) subway/metro vehicle has the 
width 3.10 m, length of 21.8 m, and capacity of 280 spaces (62 seats), traction 
power 750-1500 V dc (depending on the line), the vehicle engine power of 
440 kW, and the maximum speed of 100 km/h (Vuchic 2007). Figure 4.27 shows 
the subway/metro vehicle-/train operating in Glasgow (UK). 

By coupling more units/cars, the capacity of a single vehicle-train can also be 
increased. For example, the 6-units subway/metro train set operating in Athens (as 
mentioned above) has the width 2.65 m, length 106 m, the capacity of 844 spaces 
(188 seats), traction power of 700 kW, and the maximum speed of 80 km/h. 


4.4.1.5 Operating and Supporting Staff/Employees 


Similarly as at the streetcar/tramway and LRT systems, the operating staff of the 
subway/metro systems includes directly and indirectly involved employees. Those 
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Fig. 4.27 Vehicle-/train of the subway/metro system in Glasgow (UK) (https://www.google.si/ 
search?q-images-of--metro-systems&dcr/) 


directly involved are the vehicle drivers and cabin crews (staff), station operating 
staff, and vehicle/traffic controllers/dispatchers, performing activities and operations 
in providing transport services. The indirectly involved staff includes that main- 
taining the infrastructure, power system, supporting facilities and equipment, and 
rolling stock/vehicles/trains, and administrative staff. 


4.4.2 Performances 


4.4.21 Infrastructural Performances 


The infrastructural performances of the subway/metro systems are characterized by 
(a) vertical and (b) horizontal alignment of lines and stations/terminals. 


(a) Vertical alignment 


The width of tracks of the subway/metro systems is standardized to 1.435 m usually 
with stone or concrete ballast or without ballast at all (see Fig. 4.8). The vertical 
alignment of lines is also characterized by the tangent grade and two types of 
vertical curves: sag curves and crest curves, determining the tangent gradient as the 
difference in the levels of begin and end of a segment of a given line. Most lines of 


4.4 Subway/Metro System 153 


the subway/metro systems round the world have been designed and operated with 
the maximum gradients of 5.0-6.5% (see Fig. 4.9). The lines are both underground 
and surface constructions, the former with the rectangular or circular cross sections 
as shown in Fig. 4.28a, b. The right-of-way of these lines is exclusively of type A, 
implying their complete isolation from interference with other traffic. 

The circular cross section in Fig. 4.28a can be narrow and wide. For example, at 
London subway/metro system (UK), the diameter of a tube/pipe is 3.86 m (con- 
sidered as narrow), and at Toronto system, it is 4.88 m (considered as wide). 
Consequently, the profile of corresponding vehicles is H = 2.19 m and W= 2.64 m 
in the former case and Н = 3.35 m and W = 3.15 m in the latter case. At the 
rectangular cross section in Fig. 4.28b, the height and width of the tunnel can be 
Н = 4.80 m and W = 3.72 m, thus enabling a smooth movement of the vehicle/train 
with the width of: w = 2.65 т and height of: Л = 4.25 m (case of the Munich 
subway/metro system). In any case, the right-of-way of either profile is designed 
with the sufficient clearance at each side of the moving vehicles to enable their 
smooth and safe operation at designed speeds. This clearance is usually 10—20 cm 
on each side of the vehicle in the horizontal plane and up to 40 cm in the vertical 
plane (Vuchic 2007). One of the possible cross sections of the right-of-way of the 
surface lines is shown in Fig. 4.29. 


(b) Horizontal alignment 


The horizontal alignment of the subway/metro lines is characterized by the elements 
such as the minimum horizontal curve radius and the layout of the stops/stations/ 
terminals considered in the horizontal plane (see Fig. 4.9). In this case, in addition 
to the economic factors, the required minimum speed along the particular lines and 
throughout the entire network has mainly influenced these values. Some evidence 
indicates that the minimum radius of horizontal curves at most subway/metro 
systems round the world has been 100—200 m with the gradients of 5% and 3.5%, 
respectively (Vuchic 2007). 

The horizontal alignment of the stations/stops relating to the incoming and 
outgoing track of a given line of the subway/metro systems can be different as 
shown in Fig. 4.30а—с. 

As can be seen from Fig. 4.30a, the stations/stops can be designed as the central/ 
island platform(s) in between the incoming and outgoing tracks of a given line. The 
accessibility to these platforms is usually to/from different level(s). Figure 4.30b 
shows the design of lateral platforms at both sides of the incoming and outgoing 
tracks of a given line. Figure 4.30c shows a combination of the central/island and 
lateral design of platforms (Vuchic 2007). Their dimensions are calculated based on 
three criteria: (i) the length including the “buffer” distances between the end of 
vehicle(s) and the exit/entry signals needed to handle safely the longest vehicle(s); 
(ii) the width preventing crowding of passengers while embarking/disembarking the 
full vehicle(s), and (iii) the height enabling smooth (at the same level) embarking/ 
disembarking the vehicle(s). 
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(a) Circular cross section of a single track tube/pipe 
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(b) Rectangular cross section of a single track tunnel 


Fig. 4.28 Schemes of the shape of cross sections of the subway/metro systems (Vuchic 2007) 
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Fig. 4.29 Simplified scheme of the cross section of the right-of-way of the surface subway/metro 
line(s)}—lateral aerial 
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Fig. 4.30 Simplified scheme of the horizontal layout of the station/stop platforms of the subway/ 
metro systems 
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4.4.2.2 Technical/Technological Performances 


The technical/technological performances of the subway/metro systems include the 
power supply, the vehicle engine power, the number of units per vehicle, and the 
vehicle space capacity (space capacity is the sum of seats and standings). For 
example, of 184 systems worldwide with 573 lines, 9394 stations, and length of 
10,641 km, more than 50% have the power supply through the third rail system of 
750 V dc (direct current). Twelve subway/metro systems have the overhead power 
supply system of 1500 V dc. The 1500 V dc third rail power supply system has 
recently been adopted by the Guangzhou and Shenzhen subway/metro systems in 
China on a few lines developed by Chinese in association with the European 
industry. Most recently, the systems such as those in Seoul, Delhi, Hyderabad, and 
Chennai have adopted the system of 25 КУ ac. In general, the higher power supply 
systems support the stronger continuous output of the engines of subway/metro 
vehicles. In addition, the continuous engine power has varied around 150-840 kW, 
the number of unit per vehicle 2—5, and the space capacity 137—280 spaces. At all 
these systems, the energy regeneration has varied from 18-35% depending on the 
power supply system. As mentioned above, the vehicles’ maximum operating speed 
varies from 65 to 120 km/h (Toshiba 2014; Vuchic 2007). 


4.4.2.3 Operational Performances 


Similarly as at their streetcar/tramway and LRT systems, the operational perfor- 
mances include: (a) infrastructure capacity, (b) fleet size, (c) quality of services 
provided to users-air passengers, airport employees, and other, (d) transport work, 
and (e) technical productivity. 


(a) Capacity 


The infrastructure capacity of subway/metro systems can be traffic and transport 
and determined and expressed similarly as its streetcar/tramway and LRT system 
counterparts—as "ultimate" and "practical" of the segments and/or of the entire 
lines and stations along them including the begin/end ones. The same relates to 
utilization of both capacities as elaborated in more detail in Chap. 5. 


(b) Fleet size 


The fleet size of the subway/metro system serving to an airport access is determined 
similarly as that of the streetcar/tramway and LRT system. For example, at the 
above-mentioned Athens' Metro Line M3 with the transport service frequency 
between the city centre (station Syntagma) of 2 veh-dep/h, each taking about 
40 min to the airport, the required fleet will be: 2 veh-dep/h - (2 · 40 min/dep)/60 ~ 
3 veh. This is further elaborated in Chap. 5. 
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(c) Quality of services 


The quality of services of subway/metro systems is expressed by transport service 
frequency, travel time, reliability, punctuality, and on board comfort of services. The 
transport service frequency and travel time have been explained in the scope of 
description of the fleet size of the streetcar/tramway and LRT system. The reliability 
and punctuality of the subway/metro systems have been measured by two measures: 
(i) the volume of vehicle kilometres carried out between successive accidents, which 
have caused 5-min delay of services and (ii) the excess waiting time for service. For 
example, during the period 2008—2013 at the European and North American sys- 
tems, these were 0.025 x 10° veh-km/accident and 0.2-0.3 min, respectively (TfL 
2015). Regarding the above-mentioned dimensions of vehicles, the rate of on board 
comfort is typically 0.26—0.29 m^/p (p—passenger) (Vuchic 2007). 


(d) Transport work 


The transport work carried out by the subway/metro systems is again defined as the 
product of the space capacity or the number of passengers and travel distance 
(space- or p-km) carried out per given unit of time (h or day). It is again dependent 
on the infrastructure transport capacity and length of line or interstation/stop dis- 
tance. For example, the transport work carried out by the Sao Paulo subway/metro 
vehicles of the capacity of 280 spaces and the load factor of 0.80 departing every 
10 min during a given hour between any pair of stations at the average distance of 
1.13 km is equal to: 6 - 280 - 0.80 - 1.13 = 1518.15 p-km/h. In addition, the 
transport work carried out by the Amsterdam four-axle subway/metro vehicle-train 
of the capacity of 179 spaces and the average load factor of 0.50 at operating with 
the service frequency of 10 departures/h on the average interstation distance of 
1.3 km is equal to: 10 - 179 - 0.50 · 1.26 = 1130.3 p-km/h. 


(e) Technical productivity 


The technical productivity is defined as the product of the vehicle or line space offered 
capacity or the number of passengers transported during a given period of time by such 
offered capacity and the vehicle(s) operating speed (space- or p/h - km/h = spaces or 
p-km/h’). At most subway/metro systems, the maximum speed has been 80—100 km/h 
and the maximum operating speed 25—60 km/h. The space capacity has been 137— 
280 spaces (Vuchic 2007). For example, for the above-mentioned Sao Paulo subway/ 
metro vehicles of the capacity of 280 spaces, load factor 0.80 departing every 10 min 
during an hour, and then operating at the speed of 80 km/h, the technical productivity is 
equal to 6 - 280 - 0.80 - 80 = 120,520 p-kny/h?. 


4.4.2.4 Economic Performances 
The economic performances of the subway/metro systems relate to their capital/ 


investment and operating costs, and the revenues from charging users/passengers 
travelling to/from the airport(s). The capital/investment costs include expenses for 
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Fig. 4.31 Average capital/investment costs and length of the segregated lines (the right-of-way 
type A) of he selected subway/metro systems (Wright 2006) 


building, installing, and capital maintaining the infrastructure (lines), supporting 
facilities and equipment (power supply and traffic control/management system), and 
acquiring and maintaining the rolling stock (vehicles). In general, the capital/in- 
vestment costs of the subway/metro elevated systems range from US$30 x 10°/km 
to US$100 x 10°/km. Those for the underground constructions range from US 
$45 x 10°%/km to US$320 x 10°/km. Figure 4.31 shows some capital/investment 
costs of the subway/metro systems round the world. 

The various ranges of both length of lines and the corresponding average capital/ 
investment costs indicate the rather dominant local nature of costing. Additionally, 
this range depends upon the individual features of each system (e.g., quality of 
stations, separation from other traffic) As well, the average cost of acquiring a single 
vehicle composed of 6 units/cars has been about 12 million $US/veh (Wright 2006; 
http://www.ppiaf.org/sites/ppiaf.org/files/documents/toolkits/railways_toolkit/ch1_ 
2_3.html/). The operating costs include the expenses from the daily, monthly, and 
annual vehicle and station service operations. These are those from the energy 
consumption, operating staff, daily maintenance of the systems’ components, 
administration, etc., as shown in Fig. 4.32. 

Usually, these costs are expressed as the average unit expenses per the system’s 
output in terms of the vehicle- (veh-km), seat (s-km), and/or passenger kilometres 
(p-km) carried out during a given period of time (day, month, year). The evidence 
from 16 subway/metro systems round the world have indicated that the average 
operating and maintenance costs have been around 7.2 $US/veh-km (5.3 $US/ 
veh-km for operations 1.9 $US/veh-km for maintenance) (BTD 2012). These costs 
have been covered by fares as the revenues for the transport operators. For example, 
at the subway/metro systems in the USA, the fares have covered the costs up to 
30%. The rest have included the local and regional subsidies. At LU (London 
Underground) system, the fares have fully covered the total costs starting from the 
year 2012/2013 (TfL 2015). 
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Fig. 4.32 Structure of the operating costs of a subway/metro system 


4.4.2.5 Environmental Performances 


The environmental performances of subway/metro systems are represented by: 
(a) energy consumption and related emissions of GHG (Greenhouse Gases); and 
(b) land use. 


(a) Energy consumption and emissions of GHG 


The subway (metro) vehicles are powered by the electric energy, which they 
consume to overcome the rolling (and partially air) resistance during acceleration 
and cruising phase of their movement between any two stations along a given line. 
During deceleration phase of the movement before stopping at a station, they apply 
the regenerative braking returning the energy into the power network. The energy 
efficiency of the subway (metro) systems has usually been expressed in the relative 
terms, i.e., by the average energy consumption in kWh/veh-km, kWh/space-km, 
and/or kWh/p-km. Some characteristic values for the contemporary systems with 
the vehicle capacity of 150—200 sp/veh have been 3.5-5 kWh/veh-km and 0.0175— 
0.200 kWh/p-km (sp—space) (Vuchic 2007). The more recent analysis has shown 
that, for example, LU (London Underground) system consumes electric energy at 
an average rate of 0.160 kWh/p-km. If the average emission rate of GHG (CO;,) 
from the electricity production in the UK is 463 gCO;/kWh, the emission rate of the 
LU (London Underground) system will be 0.160 · 463 = 74 gCO;/p-km (Palacin 
et al. 2014; TfL 2009; http://www.carbon-calculator.org.uk/). Table 4.2 summa- 
rizes the average emission rates from different subway (metro) systems in the USA 
in the year 2010 (FTA 2010). 

As can be seen, the lowest CO; emission rate has been at San Francisco and the 
highest at Baltimore subway/metro system mainly due to the very high utilization of 
the former and the very low utilization of the latter. However, all these values are 
comparable to that of the above-mentioned LU (London Underground) system. For 
comparison, the CO» emission rate of Melbourne subway system has been 145 
gCO,/p-km because obtaining the electricity mainly from coal. In addition, the 
average energy consumption of the Rio de Janeiro (Brazil) subway/metro system in 


160 4 The Rail-Based Mode and Its Systems: Components and Performances 





Table 4.2 Average emission 




















City/system Emission rate 
rates of the selected US (gCO>/p-km) 
subway/metro systems ee bane 24 
(period: 2010) (FTA 2010) 

Atlanta 69 

Los Angeles 79 
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Washington DC 98 

Baltimore 259 





the year 2012 was 0.0981 kWh/p-km and the corresponding emission rate of СО» 
was 6.4 gCO;/p-km (De Andrade et al. 2014). 


(b) Land use 


The subway (metro) systems use land if their lines/tracks are elevated. Otherwise, 
when they spread through the underground tunnels, they are not considered to use 
land in the given context. For example, some standards (Germany) specify the 
width and height of the tunnel with double track lines of 7.30 and 4.30 m, 
respectively (Vuchic 2007). If this could be applied to the elevated lines/tracks, the 
minimum profile would be 4.30 m plus 1.20 m at each side of the line(s), which 
would totally amount 6.70 m. By multiplying this profile by the length of the 
elevated lines, the total area of land taken by a given subway/metro line can be 
estimated. This however does not take into account the area of land taken for the 
stations and supporting facilities and equipment along the lines. Some investigation 
has shown that 45 European subway/metro systems have operated 169 lines with 
the total length of 2675 km. These give the average length of the network of 
59.4 km, the average number of lines per network of 3.7, and the average length of 
a line of 15.8 km. The evidence has not been provided about the elevated portion of 
these networks. Nevertheless, as an illustration, regarding that about 9.9 x 10? 
passengers per year have used these networks, the average intensity of land use 
under given conditions is equal to: 9.9 x 10? p/year/2675 km ~ 3.7 x 10° p-km/ 
year (p—passenger) (ERRAC 2012). 


4.4.2.6 Social Performances 

The social performances of the subway/metro systems generally include: (a) noise; 
(b) congestion; and (c) traffic incidents/accidents (safety). 

(a) Noise 


Since the subway/metro systems mostly operate along the segregated lines 
including the underground tunnels/pipes, the noise from passing-by vehicles do not 
spread wider. However, since parts of the lines are also elevated (on the ground 
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Fig. 4.33 Relationship between the noise level and operating speed of the subway/metro vehicles 
—the new line in Beijing (China) (Lu et al. 2014; Teodorovié and Јапіс 2016) 


surface), considering their noise is relevant. In general, noise from passing-by 
vehicles such as the wheel/track noise generally increases with increasing of their 
operating speed but also differs if they move through the underground tunnels or 
along the elevated tracks. Figure 4.33 shows an example of the measured noise just 
outside and inside the vehicles operating at different speeds on the newly built 
subway (metro) line in Beijing (China) (Lu et al. 2014; Teodorović and Janić 2016). 

As can be seen, the equivalent noise level Leq(dBA)* has increased with 
increasing of the subway (metro) operating speed. The outside noise has been 
substantively higher than the inside noise. In addition, both inside and outside 
noises along the elevated tracks have been a bit higher than the noise along the 
tunnel tracks. 

As far as the external observers—passengers and accompanies—are concerned, 
they experience the noise from the subway/metro vehicles while they are 
approaching, standing, and departing from the subway (metro) stations and inside 
the vehicles. For example, the average noise level and maximum noise level 
measured on platforms of the stations of the New York subway/metro system have 
amounted 86 + 4 dBA and around 106 dBA, respectively. The noise level inside 








^L LA (АВА) (Equivalent Noise Level) is the constant noise level resulting in the same total 
sound energy produced over a given period of time. As a single parameter, it represents a varying 
sound source as a single number over a given period of time. 
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the subway/metro vehicles has ranged from 84 to 112 dBA. These values indicate 
that this subway (metro) noise can exceed the recommended noise exposure 
guidance specified by WHO (World Health Organization) and other national reg- 
ulatory bodies (Recommended 75 dBA during 8-h or 70 dBA during 24-h daily 
average noise exposure level) (Gershon et al. 2006; Teodorovic and Јапіс 2016). 


(b) Congestion 


Similarly as their other urban rail-based counterparts, the subway/metro systems are 
free of traffic congestion. This is mainly thanks to operating the vehicles moving in 
different direction on different tracks, and the time-space separation between 
vehicles moving in the same direction on the same track(s). In addition, thanks to 
predominantly operating along the right-of-way of type A, they do not interfere and 
cause congestion to other traffic. Therefore, traffic congestion is not particularly 
elaborated in the given context. 


(c) Traffic accidents/incidents (safety) 


Safety of subway/metro systems can be expressed as the perceived risk that a 
person on board will lose his/her life or be seriously or lightly injured in an incident/ 
accident caused by the vehicle's derailment and/or collision with other vehicle(s), 
objects, people, and fires, all resulting also in the own and third-party property 
damage. Figure 4.34 shows an example of the relationship between the fatality rate 
in terms of the number of fatalities/p-km and the annual volumes of p-km for the 
given subway/metro systems. 

As can be seen, the fatality rate, i.e., the perceived risk of losing life while using 
the US subway/metro systems has been varying and slightly increasing with 
increasing of the annual volumes of p-km carried out, but remained all the time very 
low (1.0-3.5 х 10 ?/p-km) (Teodorović and Janić 2016; USDT 2015). 


eo 
a 





wo 





D 
a 





N 





= 
oa 
a 











e 
a 





Fatality rate - Number 10-9/p-km 


© 


21 22 23 24 25 26 27 28 
Volume of p-km - 10°/year 


Fig. 4.34 Relationship between the fatality rate and the annual volume of p-km carried out by US 
subway (metro) systems (period: 2001—2011) (Teodorović and Janić 2016; USDT 2015) 
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4.5 Regional/Intercity Conventional Rail System 


4.5.1 Components 


Many airports, particularly those in Europe, are also accessible by the regional/ 
intercity conventional? rail in addition to the above-mentioned streetcar/tramway, 
LRT, and subway/metro systems. The distinction exists between the regional and 
intercity conventional rail systems and their services respecting the spatial scale of 
their operations, and characteristics of particular supply components such as in- 
frastructure, power supply system (usually electricity), supporting facilities and 
equipment, vehicles, and directly and indirectly operating staff/employees. These 
distinctive characteristics of components influence corresponding performances, 
which in turn also influence the size of catchment areas of given airports and 
consequently their demand component—volumes and structure of air passengers, 
airport employees, and others. For example, at many European airports, both types 
of these conventional systems operated simultaneously by different rail companies 
provide the landside accessibility. Some of these are as follows (https://en. 
wikipedia.org/wiki/A irport_rail_link#Europe/): 


e Amsterdam Schiphol Airport—by Nederlandse Spoorwegen (Dutch Railways) 
services; 

e Belfast George Best Belfast City Airport—by Northern Ireland Railways 
services; 

e Berlin Brandenburg Airport—by regional, intercity, and Intercity-Express 
services; 

e Birmingham Airport—by Arriva Trains Wales, CrossCountry, London Midland 
and Virgin Trains; 

e Brussels Airport —by National Railway Company of Belgium; services; 

• Budapest Ferihegy International Airport—by МАУ services to and from the 
now defunct Terminal 1 only; 
Cologne Bonn Airport regional services; 
Copenhagen Airport via Kystbanen and Intercity services; direct train services 
to many cities in Denmark and Sweden; 
Diisseldorf Airport—by intercity and regional services; 
Frankfurt International Airport—by intercity and regional services; 

e Friedrichshafen Airport near Lake Constance—by regional services; 





Тһе conventional rail systems provide transport services to their users/passengers, generally at the 
maximum speeds up to 160 km/h or lower. The regional rail systems usually operate between 
towns and cities in addition to providing accessibility to the airports included in the regional rail 
networks. The have less frequent stops than their streetcar/tramway, LRT, and subway/metro 
counterparts including those along the lines connecting the airports. At the intercity rail systems 
referring to the express passenger train services covering longer distances than the regional trains 
the airports included in the long-haul intercity rail network can be one of the rare stations between 
any pair urban/city agglomerations (https://en.wikipedia.org/wiki/Airport_rail_link#Europe/). 
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Geneva-Cointrin Airport—by Swiss Federal Railways services; 

Glasgow, Prestwick International Airport—by the Ayrshire Coast Line services; 
Helsinki Airport via Helsinki commuter rail—by the Ring Rail Line services; 
Kerry Airport by Mallow-Tralee line services run—by Irish Rail; 
Leipzig/Halle Airport—by intercity services; 

Heathrow Airport—by Heathrow Connect services; 

Gatwick Airport—by Brighton Main Line services; 

Stansted Airport—by Abellio Greater Anglia and CrossCountry services; 
Lübeck, Lübeck Airport non-stop via regional services; 

Manchester Airport by TransPennine Express, Northern, Arriva Trains Wales 
services; and 

e Malaga Airport—by Cercanias Málaga services. 


Similarly as the streetcar/tramway, LRT, and subway/metro systems, the main 
components of the regional/intercity conventional rail systems are the infrastructure 
including lines, set of lines constituting the network spreading between particular 
urban/city and suburban areas, stations along the lines and stations/terminals at their 
ends, power supply system (usually electricity), supporting facilities and equip- 
ment, vehicles, and directly and indirectly operating staff/employees. 


4.5.11 Infrastructure 


The infrastructure of the regional/intercity conventional rail systems can include a 
single and/or set of lines constituting the network. The former is the case when the 
regional/intercity conventional rail serves as the access mode system to the airports 
included in the corresponding rail short- and long-haul regional and national rail 
networks, respectively. The line(s) with the right-of-way with two tracks, each with 
the track gauge, i.e., the spacing between rails, of the standardized 1435 mm, is 
usually isolated from the interference with other traffic. It connects pairs of loca- 
tions of the given airport catchment areas (regional) and pair of long-haul cities/ 
urban agglomerations (intercity) while both passing through the given airport. In 
such case, the rail services transit through the airport by transporting departing 
airport users-air passengers from and the arriving user-air passengers to the air- 
port's catchment area (regional) and to/from the distant urban agglomerations/cities, 
respectively, as well. Figure 4.35a, b shows the simplified spatial scheme of two 
types of services. 

In the above-mentioned cases, the typical width of right-of-way of rail lines with 
two tracks usually varies between 9.2 and 12.2 m as shown in Fig. 4.36. 

The rail stations/terminals at airports handling the regional/intercity conventional 
trains are, similarly as that along the lines, the passing ones. This implies that, as 
mentioned above, the trains simply pass through them while on their ways between 
origin and destinations stations/terminals at the ends of corresponding lines. Their 
typical layout includes a pair or few parallel tracks at both ends of the station with 
additional more in the station/terminal itself enabling trains' stops in order to handle 
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Fig. 4.35 Airport accessed by the regional/intercity conventional rail systems 
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Fig. 4.36 Typical dimensions of the two-track right of-way of the regional/intercity conventional 
rail line in cutting 


users-air passengers, airport employees, and others arriving at and departing from 
the airport. Similarly as in case of streetcar/tramway, LRT, and/or subway/metro 
systems at airports, these stations/terminals are designed in the scope of the airport 
passenger terminals or close to them. In this latter case, different people mover 
systems are provided as connection between two types of terminals. For compar- 
ison, the begin/end rail stations/terminals have the entrance and exit from the same 
side. 

Figure 4.37a, b shows the typical horizontal layout of an airport regional/in- 
tercity conventional rail station/terminal. 
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Fig. 4.37 Typical horizontal layout of an airport regional/intercity conventional rail station/ 
terminal 
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4.5.1.2 Power Supply System 


The power systems for the regional/intercity conventional rail systems are classified 
by three main parameters such as voltage, current, and contact systems. At present, 
five types of voltage systems are in use: 750 V dc, 1500 V dc, 3 КУ dc, 15 KV ac, 
and 25 kV ac. As can be seen, the voltage has greatly varied and has been mainly 
the country-specific. For example, the system of 1500 V dc is used in the countries 
such as Japan, Indonesia, Hong Kong, Republic of Ireland, France, Netherlands. In 
France and Netherlands, the 25-kV ac systems are also used. The system of 3 kV dc 
is used in Belgium, Italy, Spain, Poland, Czech Republic, Slovenia, etc. 

As far as the type of current is concerned, either dc (direct current) (at lower 
voltage) or ac (alternating current) (at much higher voltage) can be used. The 
former has been simpler for railway traction purposes and the latter better over the 
long-haul distances and cheaper to install but, a bit more complicated to control at 
trains. The transmission of power to trains along the tracks is provided by the 
contact systems such as an overhead wire/line (catenary) or at ground level, using 
an extra, third rail laid close to the running rails. In principle, the ac systems always 
use the overhead wires, while the dc systems can commonly use either an overhead 
wire/line or a third rail. In any case, the overhead systems require at least one 
collector attached to the train in order to be permanently in contact with the power 
source. These collectors use the so called “pantograph”. The return circuit is via the 
running rails back to the substation. The running rails are at earth potential and are 
connected to the substation. The experience so far has shown that ac is used for the 
long-haul (intercity) and dc for the short-haul (regional) rail system, with also 
exceptions. In order to minimize power losses, the transforming substations (sim- 
ilarly at that in Fig. 4.6) are located at the distance of 2-3 km on a 750 V dc and 
about 20 km on a 25 КУ ac lines. In order to enable flexibility of operations using 
different systems, the multi-system locomotives enable to switch to different 
above-mentioned voltage systems are usually available. For example, in Europe, 
some locomotives are equipped to operate under four voltages—25 КУ ac, 15 kV 
ac, 3 КУ dc, and 1500 V dc (http://www.railway-technical.com/infrastructure/ 
electric-traction-power.html/). 


4.5.1.3 Supporting Facilities and Equipment 


The supporting facilities and equipment of the regional/intercity conventional rail 
systems, similarly as at the above-mentioned streetcar/tramway, LRT, and subway/ 
metro systems relate to their traffic control systems. These systems control move- 
ment of vehicles/trains in the same direction along the line(s) by separating them by 
the safe distance. At these systems, ATP (Automatic Train Protection) system as the 
signal-based system controls the distance between successive vehicles/trains 
moving in the same direction. Also in this case, the signals use generally three 
lights to signalize the operational pattern to vehicles: red—stop; yellow— proceed 
with reduced speed; and green—continue with normal speed. In case of passing the 
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red light, the system automatically activates the emergency braking and stops the 
vehicle. The system with three blocks operates similarly as that of streetcar/tram- 
way, LRT, and subway/metro systems. The influence of above-mentioned sig- 
nalling systems and corresponding train separation rules and procedures on the 
infrastructure performances such as the traffic and transport capacity of the rail lines 
and stations is elaborated in Chap. 5. 

In addition, ATC (Automatic Train Supervision) system as a centre controls and 
manages the vehicle-train operations on particular lines and/or over entire network 
(Vuchic 2007). As such, these rail-based systems controlled by the fixed or moving 
block signalling systems in combination with the semi-automated vehicle opera- 
tions capable to provide reasonable performances while serving as the airport access 
systems. 


4.5.1.4 Rolling Stock/Vehicles/Trains 


A variety of the rail rolling stock/vehicles/trains has been used for the regional/ 
intercity conventional rail transport services including those for the airport access. 
One example of the trains performing the intercity services including those pro- 
viding the access to Amsterdam Schiphol airport (The Netherlands) is Dutch VIRM 
(Verlengd InterRegio Materieel) trains (lengthened inter-regional rolling stock) 
operated by NS (Nederlandse Spoorwegen) (Dutch Railways) being the principal 
railway operator in the Netherlands. This is a series of EMU (Electric Multiple 
Unit) double-deck trains operating on the standard track gauge of 1435 mm and 
using the voltage of 1.5 kV dc catenary (pantograph). The single train set consists 
of four or six units/cars. The former is powered by the electric engine of 2388 KW 
and has the capacity of 571 spaces (seats) and the maximum operating speed of 
140 km/h. The latter is powered by the electric engine of 1592 kW and has the 
capacity of 391 spaces and the maximum operating speed of 200 km/h. Figure 4.38 
shows one of different models of this train set. 





Fig. 4.38 Dutch VIRM (Verlengd InterRegio Materieel) train set (https://www.ns.nl/) 
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Fig. 4.39 Dutch SLT (Sprinter Lighttrain) train set (http ) 


The other example also operated by the NS (Nederlandse Spoorwegen) (Dutch 
Railways) is the SLT (Sprinter Lighttrain) shown in Fig. 

This train set operates on the standard track gauge of 1435 mm using the voltage 
of 1.5 kV dc (pantograph). It consists of 4 or 6 units/cars used for the regional 
services including those enabling access to Amsterdam Schiphol airport. The set 
consisting of 4 units/cars of the width of 2.64 m and length of 69.36 m powered by 
the electric engine of 1260 kW has the capacity of 216 spaces and the maximum 
operating speed of 160 km/h. In addition, the set with 6 units/cars of the width of 
2.64 m and length of 100.54 m powered by the electric engine of 1680 kW has the 
capacity of 322 spaces and the maximum operating speed of 160 km/h ( 

). 


4.5.1.5 Operating and Supporting Staff 


Operating and supporting staffs of the regional/intercity conventional rail systems 
include direct and indirect employment. The former embraces the vehicle-train 
drivers and cabin crew, station operating staff, and traffic controllers/dispatchers. 
The latter includes the infrastructure, power system, supporting facilities and 
equipment, and rolling stock/vehicle/train maintenance staff, and administrative 
staff. 
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4.5.2 Performances 


4.5.2.1 Infrastructural Performances 


The infrastructural performances of the regional/intercity conventional rail systems 
are characterized by (a) vertical and horizontal alignment of lines and the horizontal 
alignment of stations/terminals. 


(a) Vertical and horizontal alignments of lines 


The alignment of the lines of the regional/intercity conventional rail systems is 
characterized by the tangent gradient (see Figs. 4.8 and 4.9), vertical and horizontal 
curves, and right-of-way with the necessary clearances of rail lines. The values of 
some parameters of the vertical and horizontal alignments standardized for the 
existing and new lines are given in Table 4.3. 

As can be seen, the maximum tangent gradient can be from 1 to 2.2% and the 
preferred radius of the vertical crest and sag curves 1300 m. The radius of the 
vertical curves can be roughly estimated as follows: 


Ry = 2.15. (12. D) /ay (4.4) 


where 


v is the vehicle/train speed (mi/h) (mi—mile; 1 mi = 1.609 km; h—hour); 
D is the algebraic difference of gradient in decimal; and 
a, is the vertical acceleration (fus?) (ft—feet; 1 ft 2 0.305 m). 


Table 4.3 Some parameters of the vertical and horizontal alignments of the regional/intercity 
conventional rail lines (RSSBL 2011) 
































Parameter Preferable Recommended Exceptional 
(target) (acceptable) 

Vertical geometry 

Maximum (compensated) grade (1 100 50 45 

in.?) 

Maximum grade through platforms 200 50 45 

(1 in.) 

Vertical crest curve—radius (m) - - 1300 

Vertical sag curve—radius (m) - - 1300 

Horizontal geometry 

Minimum radius (R) (m) 1600 450 200 

Minimum radius (platforms) (m) Straight 800 - 

Max. applied cant (open track) (mm) 110 130 — 

Max. applied cant (platforms and 10 50 - 





crossings) (mm) 
“Inch (1 Inch = 2.54 cm) 
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Fig. 4.40 Concept of the rail cant 


The minimum radius of the horizontal curves for existing running lines shall be 
200 m. The minimum radius of the horizontal curves for all new and existing 
corridor upgrades is preferred to be 1600 and 450 m, respectively. The minimum 
radius of curve to be used alongside a passenger platform shall be 800 m. The 
maximum value of cant defined as the rate of change in elevation (height) between 
the two rails or edges shown in Fig. 4.40 (the height of the outer rail above the inner 
rail) for a standard gauge railway (1435 mm) is approximately 110—130 mm. 

In general, the equilibrium cant, for the given design speed of vehicles/train, can 
be estimated as follows: 


E, = 11.4- (v’/R) (4.5) 


where 


Е, 


а 15 the equilibrium cant (the actual cant is preferably calculated as 55% of the 


equilibrium cant) (mm); 
v is the vehicle/train design speed (km/h); and 
К 15 the radius of the horizontal curve (m). 


In addition, the maximum allowable vehicle/train speed for a given equilibrium 
can be estimated as follows: 


Vmax = 0.291: /E,- Е (4.6) 


where the symbols are analogous to those in Eq. 4.5. As well, Fig. 4.41 shows the 
scheme of the right-of-way of the two-track regional/intercity conventional rail lines 
(see also Fig. 4.36). 
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Fig. 4.41 Simplified scheme of the typical vertical alignment of the double track right-of-way of 
regional/intercity conventional rail line 


The specific right-of-way clearances in the vertical plane necessary for safe 
operations particularly in tunnels are based on the vehicle/train envelope. An 
example is shown in Fig. 4.42. 

The area of the right-of-way clearance in the given case is 38.48 т^. 


(b) Horizontal alignment of stations/terminals 


In general, the horizontal alignment of stations/terminals implies layout, and 
alignment and dimensions of tracks and platforms where users/passengers embark 





Fig. 4.42 Right-of-way 
clearance based on the 
regional/intercity 
conventional rail vehicle/train 
envelope (http://en.wikipedia. 
org/wiki/Seikan Tunnel/) 
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and disembark the regional/intercity conventional trains including those providing 
the airport access. The possible layout of tracks and platforms is shown in 
Fig. 4.37a, b for the passing/transiting and begin/end station/terminal, respectively. 

The number of rail tracks and platforms is determined based on the number of 
trains and passengers, respectively, to be handled during the specified (peak) period 
of time under given conditions (This is elaborated in more detail in Chap. 5). 

The elements of the vertical and horizontal alignments of tracks in the stations/ 
terminals are given in Table 4.3. The dimensions of these platforms should enable 
efficient and effective handling of the vehicles/trains on the track side and pas- 
sengers on the station/terminal building side. 

The length of platforms needs generally to be sufficiently long to accommodate 
the longest train formation regularly scheduled to stop at a platform, with the 
distance “buffers” of at least 2 m for inaccurate stopping and operational (including 
train control) requirements. This length needs also to be sufficient with respect to 
the position of the station’s signal(s). While calculating the total platform length, 
the “buffer” distance for coupling two vehicles/trains to form a single vehicle-train 
should be 6 m, including 4-m “buffer” for inaccurate stopping of the second train. 
As well, the minimal usable width of platforms needs to be minimally 2.5—3.0 m. 
This should be sufficient to prevent overcrowding with the maximum expected use 
of the platforms. The minimum height of the platforms should be 0.55-0.76 m 
above the running track surface. At the new and upgraded platforms, the minimum 
height should be 0.915 m. For the safety and security reasons, the nominal 
right-angle distance (D) of the platform edges to the centre of the tracks parallel to 
them can be estimated as follows (RSSBL 2011): 


D = 1650 + 3750/R + (TG — 1453/2) (4.7) 


where 


D  isthe right-angle distance between the edge of the platform and the centre of 
the tracks parallel to it (mm); 

К 15 the radius of the horizontal curve of track (m); and 

TG 15 the track gauge (mm). 


4.5.2.2 Technical/Technological Performances 


The technical/technological performances of the regional/intercity conventional rail 
systems include the power supply (traction) and the engine power, the number of 
units per vehicle/train, and the vehicle/train space capacity (the space capacity is the 
sum of seats and standings). Figure 4.43 shows an example of the relationship 
between the specific engine power and the space capacity for the regional con- 
ventional vehicles/trains (Vuchic 2007). 
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Fig. 4.43 An example of the relationship between the specific engine power and the space 
capacity of regional/conventional rail vehicles/trains (Vuchic 2007) 


As can be seen, the average engine power per seat decreases less than propor- 
tionally with increasing of the vehicle/train space capacity. In addition, the maxi- 
mum operation speed in the above-mentioned cases has been 110-160 km/h. The 
acceleration/deceleration rate has been 1.0—1.1 m/s?. 


4.5.2.3 Operational Performances 


The operational performances of the regional/intercity conventional rail systems 
serving to the airport access include: (a) capacity of infrastructure, (b) fleet size, 
(c) quality of services, (d) transport work, and (e) technical productivity. 


(a) Capacity 


The infrastructure capacity of the regional/intercity conventional rail systems can be 
traffic and transport and be expressed similarly as its streetcar/tramway, LRT, and 
the subway/metro systems. The same relates to utilization of both capacities, which 
is elaborated in more detail in Chap. 5. 


(b) Fleet size 


The fleet size of the regional/intercity conventional rail system connecting an air- 
port and its catchment area depends on the same factors as at its streetcar/tramway 
and subway/metro counterparts. 

For example, the transport service frequency between Amsterdam and its 
Schiphol airport by the intercity Dutch VIRM trains has been 4 dep/h (The 
Netherlands) (see also Fig. 4.38). The average travel time is 14 min, implying that 
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the train's turnaround time is 2 - 14 min = 28 min. Consequently, the required fleet 
size is: 4 veh-dep/h - [28 min/dep)/(60 min/h)] ~ 2 veh. In the case of regional 
SLT, the transport service frequency is 6 veh-dep/h and the turnaround time 
2 - 17 min = 34 min (see also Fig. 4.39). The required fleet size is: 6 veh-dep/ 
h - [(34 min/dep)/(60 min/h)] z 3 veh. This is additionally elaborated in Chap. 5. 


(c) Quality of services 


The quality of services of the regional/intercity conventional rail systems is 
expressed by transport service frequency, travel time, reliability, punctuality, and on 
board comfort of services. Transport service frequency and travel time are described 
in the scope of transport work and technical productivity. The reliability and 
punctuality have usually been measured as follows: (1) the ratio between carried out 
and planned/scheduled transport services during a given period of time (reliability) 
and (ii) the ratio between delayed and on-time carried out transport services, and the 
average delay per carried out transport service (punctuality). The transport service 
frequency and travel time have been explained in the scope of description of the 
fleet size of the streetcar/tramway and LRT system. 

The transport service frequencies and travel time of the regional/intercity trains 
operating between Amsterdam and Schiphol airport are explained in the scope of 
considering their fleet size. In addition, the reliability of these rail services has been 
9696 (implying that one of 25 services was cancelled). Some study carried out for 
50 scheduled train services during one hour indicated that the reliability has been 
95.9%. At the same time, the punctuality has been 92.2% (the service has been 
assumed delayed if been 5 min over scheduled time). One of the main causes has 
been approach thought the Schiphol tunnel as the only way for trains to reach the 
airport station. This tunnel has been frequently closed due to many reasons 
including false fire alarms (https://vertraagd.com/). 

In addition, the offered on board passenger comfort at the above-mentioned SLT 
(Sprinter Lighttrain) train set consisting of 4 units/cars is approximately equal: 
(2.64 m · 69.36 m)/216 sp = 183.11 m?/216 sp = 0.848 m?/sp. At the set con- 
sisting of 6 units/cars, this comfort is equal: (2.64 m · 100.54 my322 sp = 
265.43 m?/322 sp = 0.824 m?/sp (sp—space). 


(d) Transport work 


The transport work carried out by the regional/intercity rail systems is defined as the 
product of the space capacity or the number of passengers on board and travel 
distance (space- or p-km) carried out during a given unit of time (h or day). It is 
again dependent on the infrastructure transport capacity and length of line or in- 
terstation/stop distance. For example, the transport work carried out by the SLT 
(Sprinter Lighttrain) train set of the capacity of 216 spaces and load factor of 0.80 
departing every 15 min during a given hour between Leiden and Amsterdam 
Airport Schiphol (AMS) (distance 25.2 km) (The Netherlands) is equal: 4 - 216 
0.80 · 25.2 = 17,418.24 p-km/h. 
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(e) Technical productivity 


The technical productivity is defined as the product of the vehicle or line offered 
space capacity or the number of passengers transported during a given period of 
time by such offered capacity and the vehicle(s) operating speed (space- or p/ 
h - km/h = spaces or p-km/h?). At the above-mentioned case of the SLT (Sprinter 
Lighttrain) train set of the capacity of 216 spaces, load factor 0.80, departing every 
15 min during an hour between Leiden and Amsterdam Airport Schiphol 
(AMS) (the speed 25.2/(15/60) = 100.8 km/h) (The Netherlands); this productivity 
is equal to: 4 - 216 - 0.80 - 100.8 = 69,672.96 p-km/h?. 


4.5.2.4 Economic Performances 


The economic performances of the regional/intercity conventional rail systems 
relate to their (a) investment costs, and (b) operating costs and revenues, the latter 
from charging users, in this case air passengers accessing the airports, and their 
difference as profits for the rail operator(s). 


(a) Capital/investment costs 


Similarly as the above-mentioned rail-based systems, the capital/investment costs 
include expenses for building, installing, and capital maintaining infrastructure 
(lines), supporting facilities and equipment (power supply and traffic control/ 
management system), and acquiring and maintaining rolling stock (vehicles). 
Figure 4.44 shows the average capital/investment costs for constructing regional/ 
intercity conventional rail system lines in Europe (Trabo et al. 2013). 
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Fig. 4.44 Average capital/investment costs for construction of the regional/intercity conventional 
rail lines (Trabo et al. 2013) 
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Table 4.4 Examples of the average capital/investment costs in the infrastructure of the regional/ 
intercity conventional rail systems (UIC 20102) 








Type of track Difficulty of topography 
Easy Average Very 
Cost (10° €/km) 

Double track—speed: 100 km/h 1-4 3-20 20—50 











Similarly as in cases of the other rail-based systems, these average capital costs 
substantively differ in particular European countries, thus implicitly reflecting 
specificity of the geographic, topological, and business/investment/economic con- 
ditions. In addition, Table 4.4 gives an example of the average capital/investment 
costs in the regional/intercity conventional rail infrastructure depending on the 
difficulty of topography (UIC 20104). 

As can be seen, the range of these costs is rather wide for a given type of 
difficulty of topography. They also substantively increase with increasing of diffi- 
culty of topography. In addition, the cost of acquiring a conventional vehicle 
consisting of 8 units/cars has been about 12 million $US (http://www.ppiaf.org/ 
sites/ppiaf.org/files/documents/toolkits/railways toolkit/chl 2 3.html/). 


(b) Operating costs and revenues 


The operating costs include the expenses from the daily, monthly, and annual 
operations. These are those from the energy consumption, infrastructure charges, 
wages of the operating staff, daily maintenance of the systems’ components, 
administration, etc. Usually, these costs are expressed as the average unit expenses 
per the system's output in terms of seat (s-km) and/or passenger kilometres (p-km) 
carried out during a given period of time (year). 

Figure 4.45 shows the relationship between the average direct operating costs 
and speed of the regional train of the length of 100 m and with the capacity of 279 
spaces (seats). 

These costs include those of the train ownership, the rolling stock and cleaning 
costs, energy costs, operating personnel costs, marginal cost of infrastructure, and 
infrastructure use costs. The range of selected distances corresponds to those 
between many airports and their catchment areas. The train is assumed to operate at 
an average speed of 80 km/h (UIC 2010d). As can be seen, these average costs 
decrease more than proportionally with increasing of the travel distance and sim- 
Папу with increasing of the train operating speed on a given distance (UIC 20102). 


4.5.2.5 Environmental Performances 


The environmental performances of the regional/intercity conventional rail systems 
considered in this case are: (a) energy consumption and related emissions of GHG 
(Greenhouse Gases), and (b) land use. Only the possible impacts are considered 
without quantifying their costs as externalities. 
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Fig. 4.45 An example of the relationships between direct operating costs and travel distance for 
the regional conventional train(s) (UIC 20102) 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


The regional/intercity conventional rail systems are powered by electric energy, 
which is consumed to overcome the rolling (and partially air) resistance during 
acceleration and cruising phase of their movement between any two stations along a 
given line(s). During deceleration phase before stopping at a station, they apply the 
regenerative braking returning the energy into the power network. The energy 
efficiency of these systems has usually been expressed in the relative terms, i.e., by 
the average energy consumption in kWh/veh-km, kWh/space-km, and/or kWh/ 
p-km. For example, in Europe in 1990 3096 of the network has been electrified and 
in 2009 around 50% of the network has been electrified. Figure 4.46a, b shows an 
example of the specific energy consumption of the regional/intercity conventional 
passenger trains in Europe (EU 27 Member States) depending on the volume of 
output (p-km) and the period of time (UIC 2014). 

It is noticeable that the specific energy consumption of these trains has signifi- 
cantly decreased with increasing of the annual volumes of output in terms of p-km 
and also over the observed period, thus indicating improvement of their energy 
efficiency. This could also apply to those serving to the airport access. In addition, 
Fig. 4.47 shows the relationship between the specific emissions of GHG and the 
specific energy consumption for the same (European conventional passenger) 
trains. 

As can be seen, the specific emissions of GHG (СО) of these trains have 
increased with increasing of the specific energy consumption at decreasing rate. 
This indicates a relative stability under given operating conditions and in a certain 
sense also improvements of the structure of primary resources from which the 
electric energy have been obtained during the observed period. 
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Fig. 4.46 Relationship between the specific energy consumption and the annual volume of output 


and time of the regional/intercity conventional passenger trains in EU 27 Member States (period: 
1990-2012) (EC 2012; UIC 2014) 


(b) Land use 


The regional/intercity conventional rail systems take the land to build and install 
their infrastructure lines, stations, and supporting buildings. The area of land taken 
exclusively for rail lines can be estimated as the product between the length of these 
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Fig. 4.47 Relationship between the specific emissions of GHG and the corresponding energy 
consumption of the conventional passenger trains in EU 27 Member States (period: 1990-2012) 
(UIC 2011, 2014) 


lines between the specified stations and the width of their right-of-way. For 
example, if the width of the right-of-way of the above-mentioned line between 
Leiden Amsterdam Schiphol airport is 12.2 m (see Fig. 4.36) and length 25.2 km, 
the total area of occupied land without taking into account that occupied by the end 
and intermediate stations/terminals and their platforms is equal: 12.2/1000 · 25.2 = 
0.307 km’. If the SLT (Sprinter Lighttrain) trains of the capacity of 216 spaces and 
the average load factor of 0.80 are scheduled 4 times per hour during 22 h/day over 
365 days/year, the intensity of land use can be estimated as follows: 
(4 - 216 - 0.80)/0.307 = 2251.47 p-km/h-kn and (4 - 22 - 365 · 216 - 0.80)/0.307 = 
18.079 x 10° p-km/year-km? (Teodorovié and Janié 2016). 


4.5.2.6 Social Performances 


The social performances of the regional/intercity conventional rail systems include: 
(a) noise, (b) congestion, and (c) traffic incidents/accidents (safety). In the given 
context, as in the case of the environmental performances, only direct impacts from 
the sources are considered without quantifying their costs as externalities. 


(a) Noise 


The noise from the regional/intercity rail systems can be relevant if the lines 
without noise barriers spread close to the populated areas. This noise includes the 
traction noise (emitted from the traction motor, extra cooling fans, pantograph at 
high speeds), rail/wheel noise (external and internal noise), auxiliary equipment 
noise (compressors, ventilation, and brake systems), and aerodynamic noise 
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Fig. 4.48 Relationship between the noise generated by a four-axle regional/intercity conventional 
rail car and its speed (case in Europe) (UIC 2008) 


(passage of the train through the air, which increases with speed). Figure 4.48 
shows the relationship between the noise of regional/intercity conventional rail car 
at the right-angle distance of 25 m and its passing-by speed. 

As expected, the noise increases with increasing of the car speed in cases of the 
lack of the noise barrier between the source and the observer. The UIC has also 
suggested reducing the maximum allowable noise, which have been expected to be 
achieved by technical/technological improvements on the vehicles/trains and con- 
sistently raising the noise barriers along the lines passing close to the populated 
areas, particularly at relatively high speeds (UIC 2008). 


(b) Congestion 


In general, regarding the pattern of operations, the regional/intercity rail systems are 
free of congestion, under regular operating conditions. However, due to different 
deviations of the actual from the scheduled operational pattern, delays of particular 
services occur similarly as those due to the mismatch between demand and 
capacity. 


(c) Traffic incidents/accidents (i.e., safety) 


The traffic accidents/incidents occur at the regional/intercity rail systems worldwide 
including those serving the airport access. They include the events such as colli- 
sions and derailments of trains, level crossing and accidents to persons caused by 
rolling stock in operation, fires in rolling stocks, and other accidents. The victims 
have been users/passengers, employees, level crossing users, unauthorized and 
other persons. Figure 4.49 shows an example of these developments in EU 27 
Member States over time (ERA 2014; Teodorović and Janić 2016). 

As can be seen, between more than 3500 and 2000 significant accidents occurred 
during each year of the observed period. More than 75% of them resulted in about 
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Fig. 4.49 Number of significant accidents, fatalities and injuries at the railways in EU 27 Member 
States (period: 2007—2011) (ERA 2014; Teodorovié and Јапіс 2016) 


1200 fatalities and the same number of serious injuries. Over the last three years of 
the observed period, a single fatality or serious injury per an accident approximately 
happened. In general, these three sets of numbers were generally decreasing during 
the observed period, which indicated improvements of railway system safety over 
time in the given case. In addition, Fig. 4.50 shows the rate of accidents in 
dependence of the volume of output of the passenger rail systems in Europe (EU 
27) (ERA 2014; EU 2015; Teodorović and Janić 2016). 

As can be seen, the average annual accident rate in terms of the total number of 
fatalities and severe injuries and the number of fatalities both expressed per unit of 
















































































8 
g 7 о — Fatalities & Severe Injuries: 
S Ar(Q) = 2E*13Q-4.792 
= 6 R? = 0.477 
gE 
od 5 о 
оо 
со 
or 4 
2s п 
S 2 3L | Fatalities: ü 
> Е Аг(О) = 606.16e-0.013Q 
<2, R? = 0.610 
б — — 
= 1 OFatalities + Severe Injuries 
< Fatalities 

0 L 

390 395 400 405 410 415 420 425 


Q - Volume of outpot - 10%р-кт/уеаг 


Fig. 4.50 Relationship between the accident rate and the volume of output of passenger railway 
systems in EU 27 Member States (period: 2007-2012) (ЕКА 2014, EU 2015; Teodorović апа 
Janić 2016) 
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the system output decreased more than proportionally with increasing of the annual 
volumes of the system output during the observed period. This implies that the 
perceived risk of the person's fatality and/or an injury was decreasing, thus indi- 
cating increasing of the level of the system's safety over the given period of time. 
The same reasoning can be applied to estimating the risk of fatality and/or an injury 
at the regional/intercity conventional rail systems serving to the airport access. 


4.6 HSR (High-Speed Rail) System 
4.6.1 General 


The HSR (High-Speed Rail) systems have been developing worldwide [Europe, Far 
East Asia, and USA (United States of America)] as the rather innovative systems 
within the railway-based transport mode, particularly as compared to its 
above-mentioned conventional counterpart. Despite the common name, different 
definitions of these systems have been used in the particular world's regions as 
follows (Janić 2014, 2016): 


(a) Japan: The country's HSR system called ‘Shinkansen’ (i.e., ‘new trunk line’) is 
defined as the main line along almost its entire length (1.е., route) where trains 
can run at the speed of at least and above 200 km/h. The ‘Shinkansen’ system’s 
network has been built with the specific technical standards (i.e., dedicated 
tracks without the level crossings and the standardized and special loading 
gauge). This HSR system represents a part of the overall Japanese Shinkansen 
transportation system (UIC 20102). 

(b) Europe The European definition of HSR system includes: (i) infrastructure; 
(1) rolling stock; and (iii) compatibility of the infrastructure and rolling stock 
(EC 1996). 


(i) Infrastructure: The infrastructure of the Trans-European HSR system is 
considered a part of the Trans-European rail transport system/network. 
The HSR lines include those specially built for the speeds equal to or 
greater than 250 km/h, (Category D, those specially upgraded for the 
speeds of the order of 200 km/h (Category П), and those upgraded with 
the particular features resulting from the topographical relief or the 
town-planning constraints (Category III). Therefore, Category I lines are 
exclusively considered as the real HSR lines. 

(ii) Rolling stock: The HS trains are designed to guarantee safe and uninter- 
rupted travel at the speed of at least 250 and 300 km/h under the appro- 
priate circumstances on the Category I lines, about 200 km/h on the 
specially upgraded Category II lines, and at the highest possible speed on 
the other Category III lines. 
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(iii) Compatibility of the infrastructure and rolling stock: The HS trains are 
designed to be fully compatible with the characteristics of infrastructure, 
and vice versa, which influences the performances in terms of the safety, 
quality, and cost of services. 


(c) China: According to Order No. 34, 2013 from China's Ministry of Railways, 
the HSR system refers to the newly built passenger dedicated lines with (actual 
or reserved) speed equal and/or greater than 250 km/h. Its specific acronym is 
CRH (China Railway High) speed. In addition, a number of new 200 km/h 
express passenger and 200 km/h mixed (passenger and freight) lines have been 
building as the components of the country's entire HSR network (Ollivier et al. 
2014). 

(d) USA (United States of America): The country's HSR system is defined as that 
providing the frequent express services between the major population centres on 
the distances from 200 to 600 mi (mile) with a few intermediate stops, at the 
speeds of at least 150 mph (mi/h) on the completely grade-separated, dedicated 
rights-of-way lines (1 mi = 1.609 km). It is also considered as the system 
providing regional, relatively frequent services operated by the speeds from 110 
to 150 mph between the major and moderate population centres on the distances 
between 100 and 500 miles with some intermediate stops, grade-separated with 
some dedicated and some shared tracks using the positive train control tech- 
nology (Janić 2014, 2016; USDT 2009; Wendell and Vranich 2008). 


4.6.2 Components 


Similarly as at the other rail-based systems, the main components of the HSR 
systems can be considered to be infrastructure, power supply systems, supporting 
facilities and equipment, rolling stock/vehicle/HST (High Speed Trains), and 
operating & supporting staff. 


4.6.2.1 Infrastructure 


The main characteristic of the HSR system infrastructure has considered to be the 
length of the network. In the year 2011, the length of world's HSR network was 
15,231 km in operation, of which Europe shared 43.596, Asia 54.096, and the other 
countries 2.5%. In addition, round the world, 9172 kmof HSR lines has been under 
construction and nearly 17,594 km planned. Consequently, by the end of the year 
2025, the length of the world's HSR network is expected to reach 41,997 km, of 
which Europe will still have a substantive share (UIC 2011). For example, devel- 
opment of the HSR in Europe has been mostly influenced by an institutional 
attainment, i.e., decision of particular EU (European Union) Member States to build 
the Trans-European HSR network. The length of this network has planned to be 
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Fig. 4.51 Development of the European HSR network (EC 2010, 2012; Janić 2016; UIC 2011) 


about 29,000 km of which 12,500 km of the new lines. Figure 4.51 shows an 
example of development of the HSR network in Europe. 

As can be seen, the length of network has been increasing more than propor- 
tionally over time, thus indicating the HSR systems overall feasible for the main 
stakeholders involved such as investors, local and central governments, rail 
operators/companies, and users/passengers (CEC 1995; Janić 2016; UIC 2011). In 
general, the infrastructure of HSR system can be represented by (a) lines, (b) sta- 
tions/terminals, and (c) network. 


(a) Lines 


The HSR lines spreading between stations/terminals are characterized by the 
geometry of tracks and the right-of-way. The geometry of tracks relates to the 
distance between their centres, the minimum horizontal and vertical radius of 
curvature, the maximum cant and cant gradient, and length of the transition curves 
corresponding to the minimum curve radii. For example, in Europe, except track 
gauge (1435 mm), all other parameters are dependent on the maximum design 
speed. In addition, the HSR tracks can be broadly ballasted and ballast less. The 
former are present at most already built HSR lines, while the latter have been 
considered particularly for the lines with long segments of tunnels and/or bridges 
such as those in Japan. 


(b) Stations/terminals 


The HSR stations/terminals characterized by their macro- and microlocation 
and functional design enable facilitation of the HSR system services with its 





In the year 1972, the ballastless ‘slab track’ had been developed and applied to the Sanyo 
Shinkansen line; in the year 2007, the ‘slab track’ was used for 1244-km-long line, which shared 
about 5796 of the Shinkansen network (Takai 2013). 
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users/passengers. The macro-location implies the number along particular lines. 
The microlocation, which is usually in the centres of cities/urban agglomerations 
and also at some large airports (in Europe), should enable safe, efficient, and 
effective accessibility by individual (car) and mass (urban public) transit systems 
(bus, tram, LRT, metro, and regional conventional rail). The functional design 
includes: (i) the track and platform technical aspects (number, arrangement, 
dimension, safety, and electrical, signalling and communication systems); (ii) the 
user/passenger service and comfort aspects (accessibility, intermodal transfer, 
security, ticketing and travel information, station facilities, etc.); and (iii) the en- 
vironmental aspects (choice of building/construction materials and protection of the 
local environment from noise) (Anderson and Lindvert 2013; Kido 2005). In par- 
ticular, design of the HSR stations appears important for users-passengers and 
accompanies standing on the platforms in cases when the non-stopping HS trains 
are passing by at the relatively high speeds. Some research indicated that the people 
standing on the platforms at the distance of 2 m from the HS train passing-by at the 
speed of 240 km/h could be under a real risk (USDT 1999). 


(c) Network 


The lines and stations constitute the HSR infrastructure network spreading over the 
territory of a given country. The country's specific layout of the HSR networks has 
been mainly due to their design to connect the cities/urban agglomerations as the 
potentially larger generators and attractors of the sufficient volumes of user/ 
passenger demand. Figure 4.52a-c shows examples for two European countries and 
Japan. 

As can be seen, depending on the country, three types of spatial layout of HSR 
networks can be distinguished as follows: star (France), polygon (Germany), and 
line (Italy). In addition, particular lines of these networks include the airports as 
important stations as shown for two French airports in Fig. 4.53. 


4.6.2.2 Power Supply System 


The power supply system is an integrated system including the electric high-voltage 
power lines, substations, contact line, the HS train(s), and the remote command and 
control system ensuring efficient, reliable, and the safe supply of electric power to 
the HSR lines and trains, and consequently operations. The electrified networks for 
the HSR lines generally use ac (alternate current) or dc (direct current). The typical 
voltage and frequencies are 25 kV50 Hz AC, 1.5 kV dc, and 15 КУ 16.7 mph AC. 
The latest has been installed in Germany and supplied from the dedicated 
high-voltage network called the ‘Railway Frequency’ (ABB 2014; Janié 2016). 
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Fig. 4.52 Schemes of the spatial layout of the HSR networks (Crozet 2013; 
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Fig. 4.53 An example of connecting airports by the HSR line in France (Europe) 
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4.6.2.3 Supporting Facilities and Equipment 


The main supporting facilities and equipment of the HSR system in the given 
context include the signalling and traffic control/management system. 

The different HSR signalling systems have been applied in different countries. 
For example, each European country has its own HSR signalling systems. In 
addition, ERTMS (European Rail Traffic Management System—Level 1 and/or 2) 
has been introduced on the particular lines in different countries as an alternative 
and/or a complement to the existing national systems (ABB 2014; Janić 2016). 

The signalling system influences the length of a block of the track, which can be 
occupied exclusively by a single HS train. The number of such successive empty 
blocks determining the (breaking) distance between any pair of HS trains moving in 
the same direction depends on their maximum operating cruising speed and the 
breaking/deceleration rate(s). The influence of the above-mentioned factors on the 
traffic and transport capacity of the HSR lines and stations/terminals is elaborated in 
Chap. 5. 

The HSR traffic control/management systems are fully computer-supported and can 
include the following main components: TOC—Train Operation Controller, PC— 
Power Controller, STC—Signal and Telecommunication Controller, CCC—Crew and 
Car Utilization Controller, PSC—Passenger Service Controller, and TSMC—Track 
and Structure Maintenance Controller. These components are usually accommodated 
in the same room with the corresponding traffic control/management staff (JR 2012). 


4.6.2.4 Rolling Stock/Trains 


The HSR rolling stock/trains are characterized by: an optimized aerodynamic 
shape, fixed composition and bidirectional set, self-propelling, concentrated, or 
distributed power, interior signalling system(s), several braking systems, power 
electronic equipment, control circuits, computer network, automatic diagnostic 
system, particularly high level of the RAMS (Reliability, Availability, 
Maintainability, and Safety), maintenance by inspection in the fixed time intervals 
and preventively, and compatibility with infrastructure (track and loading gauge, 
platforms, catenary, etc.) (UIC 20102). Typical configuration of a HS train set is 1 
power car + 8 trailers + 1 power car. Figure 4.54 shows some typical HS train set, 
particularly indicating its aerodynamic design and bidirectional feature. 

In general, the maximum design speed of HS trains is 250—350 km/h. The 
multi-system locomotives powered by electric energy are interoperable for at least 
two different electric supply systems. For a single train set, the engine power varies 
from 5500 to 13,200 kW, the length is about 200—380/390 m, the corresponding 
gross weight 350—750 tons, and the capacity 320—935 seats. 
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Fig. 4.54 Typical HSR rolling stock (trains) (https://www.google.nl/search?dcr-0&biw- 
1422&bih=795 &tbm=isch&sa=1 &ei=-OppWqLKLovPwALcmpCoAQ&q=images+of+thalys/) 


4.6.2.5 Operating and Supporting Staff 


Similarly at their regional/intercity conventional counterparts, the operating and 
supporting staff of HSR systems includes direct and indirect employees. The former 
are the vehicle-train drivers and cabin crew, station operating staff, and traffic 
controllers/dispatchers. The latter include the infrastructure, power system, sup- 
porting facilities and equipment, and rolling stock/vehicle/train maintenance staff, 
and administrative staff. 


4.6.3 Performances 


4.6.3.1 Infrastructural Performances 


The infrastructural performances of the HSR systems are characterized by: 
(a) vertical and horizontal alignments of lines, and (b) horizontal alignment of 
stations/terminals. 


(a) Horizontal and vertical alignments of lines 


The horizontal and vertical alignments of HSR lines include the radius of the 
horizontal and vertical curves and the cross section of the right-of-way. 
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Fig. 4.55 Radius of the horizontal and vertical curves versus the design speed of HS (High 
Speed) trains (recommended values) (Janić 2016) 


Figure 4.55a, b shows the relationship between the radius of the horizontal and 
vertical curves of the HSR line in dependence on the train speed. 

As can be seen, the radii of the vertical curves are for about ten times greater 
than that of the horizontal curves. Both types of radii increase more than propor- 
tionally with increasing of the design speed of HS trains. In addition, Fig. 4.56 
shows the scheme of typical cross section of the HSR systems right-of-way at the 
stations/terminals. 

As can be seen, in the stations with just two tracks and a platform in between, the 
minimum width of the right-of-way also reflecting the area of land taken is about 
25 m. This is also the cases of the right-of-way in tunnels and bridges and along the 
double-track lines as well. In the same cases, the minimum tangent gradients at the 
French existing TGV (Train à Grande Vitesse) and forthcoming AGV (Automotice 
Grande Vitesse) HSR lines are 3—4% (see also Fig. 4.9). 
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Fig. 4.56 An example of the cross section of the right-of-way of the HSR systems 


(b) Horizontal alignment of stations/terminals 


The horizontal alignment of stations/terminals implies arrangement of tracks and 
platforms as shown in Fig. 4.57a, b, respectively (Janić 2016). 

The length of platforms in both cases should at least correspond to the maximum 
length of trains including the "buffer" distances at both sides for the signalling 
system. Typically, these lengths are not less than 400—500 m, thus enabling safe 
accommodation of the longest HS train sets. The typical width of platforms for the 
users/passengers facing each track is 3.5—4.5 m (see Fig. 4.56). 


4.6.3.2 Technical/Technological Performances 


The technical/technological performances of the HSR systems relate to the traction 
and engine power, the composition and seating capacity of train sets, and the power 
supply, signalling, and traffic control/management system(s). Table 4.5 gives some 
of these performances of the HSR system in France. 

In addition, Fig. 4.58 shows the relationship between the engine specific power 
of HS train set and the seat capacity of 12 selected HS train types operating in 
Europe. 

The engine specific power expressed by the installed engine power per seat (KW/ 
seat) decreases more than proportionally with increasing of the number of seats, 
thus indicating economies of the train size/seat capacity in terms of the installed 
(and required) engine power. This indicates that the HS trains with higher seating 
capacity do not need to have the proportionally stronger engines in order to achieve 
the required high speeds (200—350 km/h). As well, the engine specific power varies 
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stopping tracks (Anderson and Lindvert, 2013) 
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(b) Begin/end station/terminal with the inland platforms 
(Tokyo Shinkansen) (Nishiyama, 2010) 


Fig. 4.57 Simplified schemes of arrangements of the platforms and tracks at the HSR station(s)/ 
terminal(s) 


across the considered set of HS trains between 14 and 23 kW/seat (ABB 2014; 
http://en.wikipedia.org/wiki/TGV; www.alstom.com/). 


4.6.3.3 Operational Performances 
The operational performances of the HSR systems also serving to the airport access 


include: (a) capacity; (b) speed; (c) rolling stock/fleet size; (d) quality of services; 
and (e) transport work and technical productivity. 


194 4 Тһе Rail-Based Mode and Its Systems: Components and Performances 


Table 4.5 An example of some technical/technological performances of the selected HSR 
systems (ABB 2014; www.alstom.com/; http://en.wikipedia.org/wiki/TG V/) 
































Technical/technological TGV-AII AGVII-14 

performances 

Power supply (kV) 25 kV/50 Hz ас, 15 kV/ 25 КУ/50 Hz 15 kV/6.7 
16.7 Hz; 5 kV dc Hz-3 kV dc-1 

Signalling system TVM/ETCS* TVM/ETCS* 

Power of locomotive (MW) 6.45-12.24^ 9.0 

Number of bogies 13 11-12 

Length of train set (m) 200-394 220-252 

Number of cars (cars/train set) 8-10 11-14 

Gross weight (tons) 415-816 410-522 

Empty weight (tons) 383-665 370—425 

Ratio engine power/empty 16.84-18.41 22.44 

weight (kW/kg) 








“TVM “track-to-train transmission”—a block approximately of length 1.5 km; ETCS (European 


Train Control System) level 2 
PUnder 25 kV 


30 





28 | 





26 | 





24 





22 | 





20 | 








18 | e 









ESP = 395.09:5-0.495 
К? = 0.710 








16 | 




















14 | 
12 | 








ESP - Engine specific power - KW/seat 


10 - 





250 350 


450 550 650 





750 850 950 


S - Capacity - seats/train 


Fig. 4.58 Relationship between the engine specific power and the seat capacity of the selected HS 


trains (Janić 2016) 


(a) Capacity 


The capacity of the HSR system can be of the main infrastructure components such 
as stations/terminals, lines/routes, and network, and of the rolling stock. For these 
components, the “ultimate” and “practical” capacity can be considered. Both are 
dependent on the operational rules and procedures providing a safe separation of 
trains while operating along the lines and at the stations in the same and/or different 
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Fig. 4.59 Development of the speed of passenger trains over time (UIC 2011) 


directions. These rules specify the minimum time separation between occupying the 
same section of the line(s) and/or of the station(s), which mainly influences their 
corresponding capacities. Both the “ultimate” and “practical” capacity of the HSR 
lines and stations are elaborated in more detail in Chap. 5. 


(b) Speed 


In terms of dynamism, the time of appearance of the HS trains in the scope of the 
rail-based transport mode has taken the period longer than a century and half. 
During that time, this speed has increased for more than 10 times, i.e., from about 
50 to more than 500 km/h as shown in Fig. 4.59. 

At present, the maximum operating/cruising speed of TGV (Train а Grande 
Vitesse) is 320 km/h. The Japanese Shinkansen and German ICE 
(Intercity-Express) trains currently operate at the maximum speed of about 300 km/ 
h. However, the forthcoming more advanced European AGV (Automotice Grande 
Vitesse) and Japanese Fastech 360Z trains are expected to operate at an average 
speed of 350 and 360 km/h, respectively. The АСУ trains have also achieved the 
maximum operating speed of 574.8 km/h, close to half the speed of sound. In 
addition, Fig. 4.60 shows the relationship between the maximum design and 
operating speed of the HS trains. 

As can be seen, the two speeds ranging from 200 to 320 km/h coincide with 
each other for most HS trains. Nevertheless, generally, with increasing of the 
maximum design speed, the difference between this and the maximum operating 
speed tends to increase. This particularly happens for the speeds ranging between 
2770 and 380 km/h. Consequently, at the particularly high maximum design speeds 
(above 300 km/h), it is likely to expect the lower maximum operating speeds for 
about 10—2096, as shown in this case. 
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Fig. 4.60 Relationship between the maximum design and the maximum operating speed of the 
selected HS trains (Janic 2016; http://en.wikipedia.org/wiki/List of high-speed trains/) 


(c) Rolling stock/fleet size 


The rolling stock/fleet size of the HSR systems connecting airports with their 
catchment area can be determined by considering that they simply pass through the 
airports on their way between origins and destinations—large cities/urban 
agglomerations. For example, the Thalys HS trains operate between Paris 
(France) and Amsterdam (The Netherlands) with the transport service frequency of 
1 veh-dep/h. The total one-way travel time takes З h and 23 min (1.е., 3.38 h) and 
the turnaround time 6 h and 46 min (i.e., 6.77 h) including the stops at both end 
stations/terminals. The trains also stop and pass through Amsterdam Schiphol 
airport (The Netherlands) at the same transport service frequency—1 veh-arr/dep/h. 
Under such conditions, the required fleet size to operate along the entire 
Paris-Amsterdam line is equal to: 1 veh-dep/h · 6.77 Һер ғ 7 veh (train sets). 


(d) Quality of services 


The quality of services of the HSR systems can be expressed by the attributes such 
as: (i) transport service frequency; (ii) travel/trip time; (iii) reliability; (iv) punctu- 
ality of services; and (v) comfort on board. The examples of the transport service 
frequency and travel time have been given above in the scope of describing the 
HSR system's rolling stock/fleet size. 


(i) Transport service frequency 


The transport service frequency influences schedule delay, which is defined as the 
difference between the desired and the available time of boarding a chosen HSR 
service. Under an assumption that the users/passengers familiar with the timetable 
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arrive uniformly during the time between two successive HS train’s departures on 
the same line/route/direction, this delay can be estimated as follows (Janic 2016): 


sd(t) = 1/4 - [t/f(*)] (4.8) 


where f(t) is the transport service frequency during period of time (т). For example, 
for the service frequency of f(t) = 1 train/h, the schedule delay will be: sd(t) = 
15 min; for the service frequency: f(t) = 15 trains/h, the schedule delay will be: sd = 
1 min (т = 1 h or 60 min). 


(1) Travel/trip time 


The travel/trip time by the HSR has been much shorter than that of its conventional 
counterparts at the same line/route. Figure 4.61 shows the example for Italy. 

As can be seen, the difference in the trip time by the conventional and HSR 
increases with increasing of the line/route length, which in the given case has 
amounted from 33 to 42%. 


(iii) Reliability 

As in case of the regional/intercity conventional rail systems, reliability has usually 
been measured as the ratio between carried out and planned/scheduled transport 
services Reliability can be influenced by the rate of failure of planned transport 
services due to any system's internal and/or external reasons. The failed of planned 


transport services are that cancelled and/or being long delayed. Figure 4.62 shows 
an example for the Japanese HSR system. 
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Fig. 4.61 Relationship between the trip time and length of route/line of the HS and conventional 
rail in Italy (Janić 2016) 
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Fig. 4.62 Reliability of the HSR rolling stock over time: case of the East Japan Railways (period: 
1987—2000) (Nishiyama 2010) 


As can be seen, this actually very low failure rate was fluctuating during the 
observed period of time with an average rate of 0.084 failures/10° km (Yanase 
2010). 


(iv) Punctuality 


The punctuality is expressed by the ratio between the delayed and on-time HSR 
transport services carried out during a given period of time (day, month, and year) 
under given conditions. In addition, it can also be expressed by the average delay 
per carried out transport service. The punctuality of the HSR services in terms of 
the number of transport services carried out according to the planned schedule was 
shown to be relatively high compared to that of the other rail-based transport 
systems as shown in Fig. 4.63 (UIC 2011). 

As can be seen, the Japanese HSR system has generally been the most and the 
UK's the least punctual. In addition, the above-mentioned Thalys HSR system had 
punctuality during the period 1995—2005 of 84.4% (the trains with the arrival 
delays of less than 5 min) and 92.95% (the trains with the arrival delay less than 
5 min) (Nishiyama 2010). As well, the punctuality expressed by the average delay 
per service has also been very high as indicated for the Japanese HSR system in 
Fig. 4.64. 

The average delay per a HSR service in the given case was varying from 0.3 to 
0.5 min. In addition, the average delay of the Shinkansen HSR system was about 
0.6 min per service over the last decade (JR Central 2012; Nishiyama 2010). 


(v) Comfort on board 


The comfort on board offered to users/passengers at the HS trains usually after 
booking the seats includes the attributes such as distance between them, internal 
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Fig. 4.63 Punctuality as the ratio between the number of delayed and on-time transport services: 
case of the selected HSR systems (UIC 2011) 
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Fig. 4.64 Punctuality in terms of the average delay per service over time: case of the Japanese 
HSR system (period: 1999—2008) (Nishiyama 2010; Tomii 2010) 


mobility, internal noise on board, the potential impact on health, and diversity and 
type of services on board as shown by an example in Table 4.6. 


(e) Transport work and technical productivity 


The transport work is similar as at the above-mentioned systems. It is expressed as the 
product of the HS trains service frequency during a given period of time (e.g., 1 h), the 
average seating capacity per frequency, and travel distance. The technical productivity 
takes into account the HS train's operating speed instead of travel distance, all other 
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Table 4.6 Some attributes of the on board comfort on the HS trains (UIC 2011) 

















Attribute Value 
Distance between seats (cm) 87-97 
Internal mobility (general) High 
Internal noise on board (dBA) 62-69 
Impacts on health (general) Low 
Services (food, drink, Internet, etc.) Diverse 





Table 4.7 Examples of transport work and technical productivity of HSR systems in Europe 
(Јапіс 2014, 2016) 




















Operational performances TGV-All AGV11-14 
Operating/cruising speed (km/h) 270-320 320-350 
Minimum scheduled interval (dep/h) 1 1 

Capacity (spaces/train set) 345-750 458-593 
Offered transport work (1 = 500 km) (10° sp-km/h)* 172.5-375 229-296.5 
Technical productivity (10? sp-km/h?) 93.15-240.0 146.56-207.550 





“sp space (seats) 


parameters being equivalent. Table 4.7 shows an example of both transport work and 
technical productivity for two types of HS rail systems—TGV апа AGV (Janić 2014, 
2016). 

Thanks to the greater seating capacity and operating/cruising speed, both the 
offered transport work and technical productivity of an AGV system's trains are 
expected to be higher than that of its TGV counterparts while operating under the 
same conditions—route length and transport service frequency-during a given 
period of time. 


4.6.3.4 Economic Performances 


The economic performances of HSR systems are represented by: (a) capital/in- 
vestment; and (b) operational costs and revenues, the latter based on the charges 
(prices) to users/passengers, and their relationship(s). 


(a) Capital/investment costs 


The capital investment costs of the HSR systems’ infrastructure (lines) in practice have 
significantly varied across the countries as given in Table 4.8. These figures however 
do not include the costs of planning, acquisition, and preparation of the land. 

As can be seen, the variation of the average investment costs of both already 
built and under-construction HSR infrastructure (lines) has been significant in both 
European and non-European, i.e., two Asian countries. In Europe, the lowest in- 
frastructure (lines) investment costs have been in France and Spain. Those in Italy, 
Germany, and Belgium have been much higher. The average of these costs has been 
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Table 4.8 Some examples of the investment infrastructure (lines) costs of the HSR systems (Janić 
2014, 2016; Pourreza 2011; De Rus and Nombela 2007) 


























Country Costs (10° €/km) 

Built (in service) lines Under construction lines 
Austria - 18.5-39.6 
Belgium 16.1 15.0 
France 4.7-18.8 10.0-23.0 
Сегтапу 15.0-28.8 21.0-33.0 
Italy 25.0 14.0-65.8 
Netherlands - 43.7 
Spain 7.8-20.0 8.9-17.5 
Japan 20.0-30.0 25.0-40.0 
South Korea – 34.2 











18 million€/km. The costs of building the new HSR lines in Asian countries (Japan, 
South Korea, except China) have been slightly higher than that in the European 
countries (Pourreza 2011). The average maintenance costs per unit of length of 
HSR system infrastructure have also highly varied, mainly depending on the length 
of line(s). Some estimates indicate that the average maintenance costs in European 
countries have amounted from about 13-72 x 10° €/year (Henn et al. 2013; 
Pourreza 2011). 


(b) Operational costs and revenues 


The operational costs of the HSR systems have also differed throughout the 
European countries and the rest of the world. These costs have been mainly 
influenced by the local pricing of the particular above-mentioned inputs and type of 
the HS trains. In particular, the direct operating costs included the train ownership, 
rolling stock and cleaning, energy costs, operating personnel, marginal and in- 
frastructure use costs (UIC 2010d). Figure 4.65a, b shows an example of the 
relationship between the average direct operating costs and average operating speed 
and distance of the selected type of HS train, operating under given conditions. 

Figure 4.65a indicates that, in the given case, with increasing of the average 
speed the average direct operating costs first decrease and then increase. The former 
happens since the greater number of trips and consequently transport work in terms 
of sp-km can be carried out during a given period of time with increasing the 
average speed. The latter happens since with increasing of the average speed above 
certain value (250 km in this case), the energy, maintenance, and marginal in- 
frastructure costs start to increase faster, thus neutralizing gains in the higher 
transport work thanks to operating at the higher speed. Figure 4.65b shows that the 
average direct operating costs decrease with increasing of travel distance, mainly 
thanks to carrying out the larger transport work in terms of sp-km at given average 
speed. 
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Fig. 4.65 Example of the relationship between the average direct operating costs and speed of the 
given HS train (UIC 2010d) 


The revenues for the HSR systems have been obtained from the different sources 
such as mainly the transportation-based charging users/passengers, merchandise, 
and others (JR 2014). In particular, the prices for users/passengers have been set up 
to cover the total operating cost if subsidies have not been provided due to any 
reasons. Figure 4.66 shows examples of the relationship between prices of the HSR 
systems in Europe and Japan depending on the travel distance. 
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Fig. 4.66 Relationship between the price for a round trip charged one week in advance and the 
travel distance at the particular HSR systems (Janić 2016) 
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Fig. 4.67 Relationship between the unit revenues and the volume of passenger demand on five 
HSR lines/routes in China (Wu 2013) 


As can be seen, the prices of HSR services have been more dispersed in Europe 
and much less in Japan. In both regions, they have generally increased with 
increasing of the travel distance at decreasing rate. In addition, the prices in Japan 
have been higher. As well, the prices of HSR services have generally decreased 
more than proportionally with increasing of the passenger demand as shown in 
Fig. 4.67. If these prices covered the costs, they would indicate existence of 
economies of scale. 
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4.6.3.5 Environmental Performances 


The environmental performances reflect the impacts of HSR systems on the envi- 
ronment in terms of: (a) Energy consumption and related emissions of GHG 
(Greenhouse Gases); and (b) Land use. In addition, the energy consumption and 
related emissions of the GHG (Greenhouse Gases) of the HSR systems are con- 
sidered excluding those from building the infrastructure (lines) and manufacturing 
the supporting facilities and equipment and rolling stock (trains) (UIC 2010c). As 
also being expressed in the monetary terms, these impacts reflect the systems’ 
externalities. These embrace the internalized costs of preventing, repairing, and 
protecting the environmental under given conditions. However, as mentioned 
before these costs are not particularly elaborated. 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


In general, the HS trains consume electric energy primarily for accelerating up to 
the operating/cruising speed and then for overcoming rolling/mechanical and 
aerodynamic resistance to motion at that speed. This also includes the energy for 
overcoming resistance of grades and curvatures of tracks along the given lines. As 
well, the energy is consumed for powering the equipment on board the trains. In 
particular, during the acceleration phase of a trip, the electric energy is converted 
into the kinetic energy at an amount proportional to the product of the train's mass 
and the square of its speed(s). A part of this energy recovers during deceleration 
phase before the train's stop means by the regenerative breaking. In addition, during 
the cruising phase of a trip, the energy is mainly consumed to overcome the rolling/ 
mechanical and the aerodynamic resistance (Raghunathan et al. 2002). Table 4.9 
gives some recent estimates of the average energy consumption for different types 
of the HS trains. 

As can be seen, the Japanese Shinkansen is the most and the Eurostar HS train(s) 
is the least energy-efficient. One of the reasons is the relative large difference in the 
seat capacity. 


Table 4.9 Average energy consumption of different HSR systems (АТОС 2009) 























Train type Operating speed Capacity Energy consumption 
(km/h) (spaces-seats) (kWh/s-km)* 

Shinkansen series 300 1323 0.029 

7000 

AVG 300 650 0.033 

TGV Reseau 300 377 0.031 

TGV duplex 300 545 0.032 

Pendolino class 300 439 0.033 

300 

Eurostar class 323 300 750 0.041 








*Seat kilometre 
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The emissions of GHG relate those of CO, by the HSR systems/trains primarily 
mainly depending on the above-mentioned energy efficiency, and the composition and 
emission rates of the primary sources for producing the electric energy in the given area 
(country). These are usually the country-specific. Nevertheless, for an orientation, at 
present, the average energy efficiency of a HS train(s) is assumed to be about: EC = 
0.033 kWh/sp-km (sp-km—space/seat kilometre). Respecting this and by taking into 
account the emission rates of the primary sources for producing electricity (Europe), the 
average emissions rate is estimated to be: EMR = 21 gCO,/sp-km with an ambition to 
be decreased to: EMR= 5.9 gCO»/sp-km by the year 2025, 1.5 g CO./sp-km by the year 
2040, and 0.9 gCO»/sp-km by the year 2055. This is expected to be achieved through 
further improvement of the energy efficiency of HS trains and their operations on the 
one side and by changing type and composition of the primary sources for producing 
electric energy on the other (АТОС 2009; Janić 2014, 2016). These are modelled in 
Chap. 5. 


(b) Land use 


The HSR infrastructure generally occupies the size of land approximately propor- 
tional to the product of width of right-of-way and length of lines. For example, if for 
a given segment of a line the width of right-of-way is 25 m (see Fig. 4.58) and the 
length 1 km, the total area of directly taken land will be 2.5 ha (ha—hectare) (the 
average gross area of taken land will be 3.2 ha). In addition, the utilization of a land 
taken by a HSR line/route in both directions is two times 12—14 trains/h, 1.е., 24—28 
trains/h. If each train carries 600 passengers, the intensity of land use will be (24— 
28) - 600/2.5 = 5760-6720 p/h/ha (p—passengers) (Janić 2016; UIC 2010b). The 
models of these impacts are elaborated in Chap. 5. 


4.6.3.6 Social Performances 


Similarly as their regional/intercity conventional counterparts, the social perfor- 
mances reflect the scale of the system’s impacts on the society. The main impacts 
are: (a) noise and (b) congestion and related delays reflecting punctuality of 
scheduled transport services, and traffic incidents/accidents (safety). The models of 
these impacts are elaborated in Chap. 5. 


(a) Noise 


The HSR trains generate noise while operating at the high speed(s), which com- 
prises rolling, aerodynamic, equipment, and propulsion sound. This noise mainly 
depends on its level generated by the source, 1.е., moving HS train(s), and its 
distance from an exposed observer(s). According to the standard approach, the 
noise from HS trains is measured at the right-angle distance of 25 m from the track 
(s). Figure 4.68 shows some results of such measurements across Europe depending 
on the HS train maximum operating speed. 
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Fig. 4.68 Relationship between noise and the maximum operating speed of the HS trains at the 
right-angle distance of 25 m (Belgium, France, Germany, Spain, Italy) (Gautier and Letourneaux 
2010) 


As can be seen, at the given speed, the noise from different HS trains varies in a 
range of about 8 dBA. In addition, the noise generally linearly increases with 
increasing of the maximum operating speed under given conditions, while the time 
of exposure to such noise decreases. Nevertheless, in considering the actual 
exposure to noise of the population located close to the HSR line(s) with passing-by 
HS trains, it is necessary to take into account the noise-mitigating barriers, pro- 
tecting the particular land use activities, i.e., a quiet land with intended outdoor use, 
a land with the residence buildings objects, and a land with the daytime activities 
(businesses, schools, libraries, etc.), all by absorbing the maximum noise levels for 
about 20 dB(A) (single barrier) and 25 dB(A) (double barrier). 


(b) Congestion 


Thanks to applying the above-mentioned separation rules in addition to designing 
timetable(s) on particular lines/routes and the entire HSR network accordingly, the 
HSR system is free of congestion and consequent delays due to the direct mutual 
influence of trains on each other while ‘competing’ to use the same segment of a 
given line/route at the same time. However, some delays due to some other reasons 
can propagate (if impossible to absorb and neutralize them) through the affected HS 
train(s) itinerary as well as along the dense line/routes also affecting the other 
otherwise non-affected services. Under such conditions, the severely affected ser- 
vices are usually cancelled in order to prevent the further increase and propagation 
of their delays. On the one hand, this contributes to maintaining the punctuality, but 
on the other, it compromises the reliability of the overall services as mentioned 
above. Nevertheless, the already mentioned figures indicate that both reliability and 
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punctuality of the HSR system services worldwide have been very and in some 
cases extremely high (The latter is the example of Japanese HSR system). 


(c) Traffic incidents/accidents (safety) 


The experience so far has indicated that the HSR systems have been one of the 
safest transport systems in which the traffic incidents/accidents have rarely occur- 
red, usually due to the previously unknown reasons. This means that the number of 
traffic incidents/accidents and related person injuries, deaths, and the scale and cost 
of damaged properties of both the systems and the third parties expressed per, for 
example, 10° s-km and/or p-km carried out over a given period of time, have been 
extremely low. In particular, high safety of the HSR system(s) has been provided 
also a prior by designing completely the grade-separated lines and the other sup- 
portive built-in safety features at both infrastructure and rolling stock. This implies 
that the safety has been achieved on the account of increased investments and 
maintenance cost. As well, the HSR operators and infrastructure managers have 
continuously practiced a risk management training approach aiming at maintaining 
a high level of safety and particularly with increasing of the maximum speed(s). 
Nevertheless, the HSR systems in different countries have not been completely free 
from the traffic incidents/accidents. For example, some relevant statistics for the 
TGV system in France indicate that there have not been accidents with the fatalities 
(deaths) and severe injuries of the users/passengers, staff, and/or third parties since 
the HSR services started in the year 1981 despite the trains have been carrying out 
annually about 10 x 10° p-km. (http://www.railfaneurope.net/tgv/wrecks.html/). 
Similarly, since started in 1960s, the Japan’s Tokaido Shinkansen HS services’ 
have also been free of accidents including the user/passenger and staff fatalities and 
injuries only just due to the derailments and collisions of trains. This has been 
achieved although the services have been exposed to the permanent threat of the 
relatively frequent (and sometimes strong) earthquakes. However, the level crossing 
incidents/accidents have occurred on the other five lines of the Shinkansen network 
but at the permanently decreasing rate over time as shown in Fig. 4.69 (JR 2012). 

As can be seen, this rate (events/10° train-km) has generally been very low in 
each year of the observed period. In addition, with increasing of the volume of train 
operations for about 20% compared to the year 1987 (Index = 100), it has remained 
relatively constant. With increasing of the annual volumes of train operations for 
additional 15%, 1.е., from index 120 to index 135, this rate has been much lower 
than previously but with increasing tendency although at the very low scale within 
the given range of the annual volumes of train operations (about 0.7—0.4). One of 
the important factors for such improvements of the safety records has been intro- 
duction of the safety education and training programme primarily devoted to the 





"The Tokaido Shinkansen line/route of the length of 552.6 km connects Tokyo and Shin Osaka 
station is free of the level crossings. The trains operate at the maximum speed of 270 km/h 
covering the line/route in 2 h and 25 min. The route/line capacity is 13 trains/h/direction. The 
number of passengers carried is about 386 thousand/day and 141 million/year (the year 2011) (JR 
2012). 
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Fig. 4.69 An example of the relationship between the annual traffic growth and the rate of 
accidents at the level crossings—Japanese passenger trains (period: 1987—2009) (JR 2012) 


staff dealing with operations and maintenance of both infrastructure and rolling 
stock (JR 2012). Unfortunately, the fatal accidents with deaths and injuries of the 
users/passengers and staff happened at the HSR systems in Germany, Spain, and 
China (one in each country) (Јапіс 2014, 2016; NDTnet 2000; Puente 2014; Qiao 
2012). 


4.7 TRM (TransRapid Maglev) System 
4.7.1 General 


The TRM [TransRapid MAGLEV (MAGnetic LEVitation)] as an additional HS 
(High Speed) system is based on the Herman Kemper's idea of magnetic levitation 
dated from 1930s. The magnetic levitation enables suspension, guidance, and 
propelling the MAGLEV vehicles by magnets rather than by the mechanical 
wheels, axles, and bearings as at the HS (High Speed) wheel/rail vehicles. Two 
forces—lift and thrust or propulsion—both created by magnets are needed for 
operating the TRM vehicle. Although TRM system has been matured to the level of 
commercialization, its infrastructure has only been fragmentary built, mainly con- 
necting the airport(s) with the city centres, which is still far from development of 
the network similarly as that of the HSR (High-Speed Rail) (Geerlings 1998; 
Powell and Dunby 2007). Table 4.10 gives some time milestones of developing the 
TRM system (Janić 2014, 2016). 
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Table 4.10 Time milestones of developing ТЕМ (TransRapid Maglev) system (Јапіс 2014, 
2016) 














1970s The research on the Maglev transportation had been intensified (Japan, Germany) 

1977 The first TRM (TransRapid Maglev) test line of the length of 7 km had been built 
(the test speed achieved was: 517 km/h) (Japan) 

1993 The TRM test of 1674 km had been carried out (the achieved speed was: 450 km/ 
h) (Germany) 

1990/ The Yamanashi TRM test line of the length of 42.8 km had been constructed in the 

1997 year 1990 and the first test carried out in the year 1997 (EDS—Electro Dynamic 
Suspension) (Japan) 

2004 The first TRM line between Shanghai and its Pudong International Airport (China) 
was built and commercialized 








4.7.2 Components and Performances 


The components of ТЕМ system include: (i) infrastructure; (ii) power supply 
system; (iii) supporting facilities and equipment; (iv) rolling stock/vehicles/trains; 
and (v) operating and supporting staff. In addition, in the scope of description of the 
main components, the system’s infrastructural, technical/technological, operational, 
economic, environmental, and social performances are also elaborated. 


4.7.2.1 Infrastructural Components and Performances 


The infrastructural components and their performances generally relate to the 
dimensions, layout, and materials used for building the MAGLEV guideways. 
These consist of the concrete (prefabricated) supporting piers and beams whose 
main dimensions are given in Table 4.11. 

In addition, Fig. 4.70 shows the simplified scheme of double-track 
cross-sectional right-of-way of ТКМ 07 system (Janić 2014, 2016). 

The beam carries the MAGLEV vehicles and provides the power to the entire 
system. Each type of beam constructed from steel, concrete, or hybrid (steel/ 
concrete mixture) has the trapezoidal-like profile with the body and the track at the 
top. The above-mentioned three types of guideways can be single or double (or 
triple) track constructions with the maximum tangent grade of up to 10% and the 
maximum cant up to 16°. In addition, the minimum radius of the horizontal curves 
of guideways depends on the maximum design speed as shown in Fig. 4.71. 


Table 4.11 Dimensions of different types of piers and beams (Janić 2014, 2016) 











Type of Distance between Length/height of Total height of 
guideway piers (m) beams (m) guideway (m) 
I 31.00 61.92/2.00 2.20—20.00 

II 12.00 27.78/1.00 2.20—20.00 








Ш 6.19 6.19/0.40 1.35-3.50 
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Fig. 4.70 Simplified scheme of the cross section of the double-track ROW (right-of-way) of the 
TRM system (Janić 2014, 2016) 
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Fig. 4.71 Relationship between the minimum radius of the horizontal curve of the guideways and 
the maximum design speed of the ТКМ rolling stock/trains (Јапіс 2014, 2016; Yaghoubi 2008; 
www intechopen.com/) 
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Fig. 4.72 Relationship between the radii of the vertical—sag and crest—curves and the design 
speed for ће ТКМ and HSR ICE 3 system (Janić 2014, 2016) 


As can be seen, the minimum radius of the horizontal curves of the MAGLEV 
guideways increases more than proportionally with increasing the vehicle design 
speed. At the same time, it is for about twice smaller than that of the HSR (ICE 3) 
lines for the design speed of 300 km/h. In addition, Fig. 4.72 shows the corre- 
sponding the relationship between the radius of the crest and sag curves for both 
systems. 

As can be seen, the radii of both crest and sag curve(s) increase more than 
proportionally with increasing of the design speed of both systems. In addition, the 
radius of crest curve of the TRMOS system is similar to the radius of the sag curve 
of HSR ICE 3 system. (See also Chap. 3 for the characteristics of the road and 
highway infrastructure). 


4.7.2.2 Technical/Technological Components and Performances 


The technical/technological components with their performances embrace: 
(a) power supply system; (b) supporting facilities and equipment; and (c) rolling 
stock/vehicles/trains. 


(a) Power supply system 


The MAGLEV system is powered by electricity obtained from the public power 
grid. The power supply system mainly relates to the TRM rolling stock/vehicle/train 
levitation and propulsion. Two technologies have been developed for the full 
commercial implementation: EMS (Electromagnetic Suspension) and EDS (Electro 
Dynamic Suspension). They enable performing three basic functions of the TRM 
vehicles/trains: (1) levitation above the track; (ii) propulsion enabling moving 
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Fig. 4.73 Scheme of the main components of ће ТКМ system (Janić 2014, 2016) 


forward in terms of acceleration, cruise, and deceleration; and (iii) guidance 
implying maintaining stability along the guideway. Figure 4.73 shows the main 
components, which enable the above-mentioned movements (Јапіс 2014, 2016). 

In particular, the EMS as the wheelless technology enables the TRM trains to 
levitate above the steel beam thanks to the magnets attached to the vehicle and 
oriented towards the beam. This is arranged as a series of the C-shaped profiles with 
the upper part attached to the vehicle and the lower inside part containing the 
magnets, thus making the rail to be between the upper and inner part of the form. 
Due to the high fluctuation of the magnetic field with distance, the highly reliable 
and redundant electrical control system is installed to continuously maintain the 
vehicle at a constant height from the track of 10-15 mm depending on the type. 
This technology operates at all speeds from the minimal 10-15 km/h to the max- 
imal 400—500 km/h. The thrust of the TRM vehicle for acceleration, cruising, and 
deceleration is provided by the on board synchronous long-stator linear motor, 
creating a propulsive force moving the vehicle forward. 

The EDS as wheel-based technology uses the magnetic field generated by 
magnets installed both on the TRM vehicle/train and on the guideway. The mag- 
netic force in the vehicle is generated by the magnetic field from either super- 
conducting magnets or by a series of permanent magnets. The magnetic force in the 
track is generated by an induced wire or conducting strips in the track-based 
magnetic field. The inherent advantage of this technology is that the levitation is 
stable, thus not requiring the feedback system (as at the EMS technology) to 
maintain the constant distance between the vehicle and the track during the journey. 
Since the magnetic field generated at the low speeds is not sufficient to maintain the 
vehicle above the track; i.e., to levitate, it must have some kind of wheels for 
support until reaching the higher speeds. Contrary to the EMS, this technology does 
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not have linear motor on board the TRM train for generating the propulsion force, 
enabling moving forward. Instead, the propulsion coils alongside the tracks are used 
to extract the propulsion force, thus playing the role of a linear motor. The main 
principle is as follows: The alternating current, with the frequency synchronized to 
match the vehicle’s speed(s), is pushed through the propulsion coils, thus gener- 
ating continuously changing magnetic field moving forward along the track. Under 
such conditions, the counterbalance between the strength of the magnetic fields 
created on board the vehicle and that from the track creates propulsive force, 
moving the vehicle forward. However, this is possible only while operating 
(cruising) at high speeds. During acceleration and deceleration, at low speeds, the 
secondary propulsive system based on the conventional electrical linear motor is 
used in combination with the wheels (‘landing gear’). 


(b) Supporting facilities and equipment 


The control system represents a core the TRM system’s supporting facilities and 
equipment. Independently of the technology, it does not have the outside signalling 
system. It is characterized by the fully automated and communication systems 
controlled by the computer system. This consists of the main computer in the 
system’s command centre and that on board the rolling stock/vehicles. These 
computers continuously communicate between each other, thus providing the 
necessary monitoring and control/management of the driverless vehicles along the 
lines. In addition, the TRM trains change the tracks by using the bending switches 
consisting of bending beams with the drive units installed on the every second solid 
of the bending switch. There are low-speed and high-speed switches. The former 
are used near and at the stations, enabling passing between the tracks at the speed of 
about 100 km/h. The former are used along the main portion of the guideway, 
enabling switching between the tracks at speed(s) of about 200 km/h (Janić 2014, 
2016). 


(c) Rolling stock 


The vehicles/trains composing the rolling stock of the TRM system have the typical 
shape shown in Fig. 4.74. 

The TRM vehicles/trains differ from their wheel/rail HSR counterparts in the 
way of operating. As mentioned above, they levitate above the tracks supported by 
magnets and run on the principle of electromagnetism. The magnets create two 
forces—lift and thrust or propulsion for operating the TRM vehicle. An example of 
the technical/technological performances of these rolling stock/vehicles given in 
Table 4.12 is for the TRMOS operating between Shanghai Pudong International 
Airport and the city of Shanghai (China). 


4.7.2.3 Operating and Supporting Staff 


Similarly at its HSR counterpart, the operating and supporting staff of the TRMOS 
system includes direct and indirect employees. The direct employees are generally 
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Fig. 4.74 The ТКМ vehicle/train operating in Shanghai (China) (http://www.maglevboard.net/ 
en/facts/systems-overview/transrapid-maglev/transrapid-mag lev-shanghai/) 



































Table 4.12 Technical/ Performances Value 
technological performances of : € 
TRM 08 rolling stock/ Carriages per train (linked) 2 
vehicles (Janić 2014, 2016; Total length (m) 50 
http://www.maglevboard.net/ Width (m) 3.70 
en/facts/systems-overview/ Height (m) 3.90 
с в a Weight of a train (unloaded/loaded) (tons) 90/110 
Seating capacity (average) (spaces/seats) 200 
Seat/weight ratio 2.22/1.82 
Operating speed (km/h) 400-450 
Maximum speed (km/h) 500 
Maximum acceleration/deceleration (m/ 0.8-1.5 
5) 
Lateral tilting angle (°) 12-15 
Levitation air gap (mm) 8 
Maximum thrust (kKN-kW-V) 85-25-(1 10-120) 








т metre; kN kilo Newton; kW kilo-Watt; V Volt 


the vehicle cabin (and driving if applicable) staff, the station operating staff, and the 
traffic controllers/dispatchers. The indirect employees deal with maintenance of the 
infrastructure, power system, supporting facilities and equipment, and rolling stock/ 
vehicles, and the administrative staff. 
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4.7.2.4 Operational Performances 


The operational performances of the TRM system include: (a) infrastructure ca- 
pacity; (b) rolling stock/fleet size; (c) quality of services; (d) transport work; and e) 
technical productivity. 


(a) Capacity 


The infrastructure capacity of the MAGLEV system can be the traffic and transport 
and expressed similarly as that of the above-mentioned HSR counterpart. In par- 
ticular, the traffic capacity of a given line is mainly dependent on the separation 
tules and procedures between successive TRM vehicles moving in the same 
direction and their average operating speed. The transport capacity of a given line is 
influenced by its traffic capacity, the TRM vehicle/train seating capacity and their 
utilization (load factor). Both capacities ad conditions of their utilization are 
elaborated in more detail in Chap. 5. 


(b) Rolling stock/fleet size 


The rolling stock/fleet size of the MAGLEV system is influenced by the same 
factors as that of its HSR counterpart. Figure 4.75 shows the simplified scheme and 
the main infrastructural and operational performances of the MAGLEV system 
connecting Pudong International Airport and the city of Shanghai (China). 

Based on the transport service frequency of 4 veh-dep/h and the turnaround time 
of 2 - 7.33 min = 14.66 min/dep, the required fleet is: 4 veh-dep/h - 14.66 (min/ 
dep)/60 min z 1 veh (train set). 
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* Length of line: 30 km; 
* Average travel time: 7.33 minutes; 

* Average speed: 246 km/h; 

* Transport service frequency: 4dep/h. 
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Fig. 4.75 Simplified scheme of the MAGLEV system connecting Pudong International Airport 
and Longyang Rd. Station (Shanghai, China) (https://www.travelchinaguide.com/cityguides/ 
shanghai/getting-around.htm/) 
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(c) Quality of services 


Similarly as at the HSR, the quality of services of MAGLEV system can generally 
be expressed by the transport service frequency, travel time, reliability, punctuality, 
and on board comfort. The transport service frequency and travel time are shown in 
Fig. 4.75. As can be seen, if the transport service frequency is 4 dep/h, the schedule 
delay will be: 1/2 - (60/4) = 1/2 · (15) = 7.5 min, in addition to the travel time 
along the line of 7 min. As well, the additional 20 min by the metro/subway takes 
to/from Longyang Road station and the city centre of Shanghai (https://www. 
travelchinaguide.com/cityguides/shanghai/getting-around.htm). Reliability апа 
punctuality of services of the Shanghai MAGLEV system during the period 2004— 
2006 was about 96 and 99%, respectively, the latter respecting delays of between 
20 s and 2 min (Stephan et al. 2007). The on board comfort is comparable to that of 
the HSR systems. 


(d) Transport work 


The transport work carried out by the MAGLEV system is also defined as the 
product of the seat/space capacity or the number of passengers on board and travel 
distance (seat/space- or p-km) carried out per given unit of time (h or day). It is 
again dependent on the infrastructure transport capacity and the length of line or the 
interstation/stop distance. For example, the transport work carried out by the 
above-mentioned Shanghai MAGLEV system operating the single vehicle/train 
with the seating capacity of 200 seats and load factor of 0.20 departing every 
15 min during a given hour between the airport and the city at the distance of 
30 km is equal to 4 - 200 - 0.20 · 30 = 4800 p-km/h. 


(e) Technical productivity 


The technical productivity is defined as the product of the vehicle or line seat/space 
offered capacity or the number of passengers transported during a given period of 
time by such offered capacity and the MAGLEV vehicle(s) operating speed (seat/ 
space- or p/h - km/h = seats/spaces or p-km/h?). At Shanghai's MAGLEV vehicle 
of 200 seats and load factor 0.20 operating at the average speed of 257 km/h four 
times per hour (ie. every 15 min), the technical productivity is equal to: 
4 - 200 - 0.20 - 257 = 41,120 p-km/h*. 


4.7.2.5 Economic Performances 


The economic performances of TRM system relate to its: (a) capital/investment and 
(b) operating costs, on the one side, and the revenues obtained from charging users— 
air passengers, airport employees, senders, greeters, and visitors on the other. Some 
subsidies and the other not directly transport-related commercial activities could 
also be the sources of revenues. 
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(a) Capital/investment costs 


The capital/investment costs embrace those for the land acquisition, building 
guideways and stations, power supply system, maintenance facilities for infras- 
tructure and vehicles, supporting facilities and equipment, and vehicle acquisition. 
Figure 4.76 shows examples of the relationships between these total capital/in- 
vestment costs and length of TRM line (USDT 2005). As can be seen, these average 
costs have been slightly changing with changing of the length of line between about 
40 and 60 x 10° $US/km. At the above-mentioned Shanghai’s commercialized 
TRM system, they were 48.33 x 10° $US/km. 

By multiplying these average unit costs by the length of line, the total capital/ 
investment costs of a given TRM line can be obtained under given conditions. 


(b) Operating costs and revenues 


The operational costs of TRMOS system include the cost of operating staff, energy, 
maintenance of the system components—guideways, rolling stock/vehicles, power 
supply system, and supporting facilities and equipment, insurance, and adminis- 
trative (selling and finance) costs. The revenues are generally obtained by charging 
users, in this case, the air passengers, their greeters and senders, and airport 
employees. Figure 4.77 shows an example of the relationship between the average 
unit operating costs and fares (the average unit revenues) and the length of line of 
the selected commercialized and planned TRMOS systems (USDT 2005). 

As can be seen, at these systems, the average unit costs are generally lower than 
the corresponding revenues independently of the length of lines. However, at the 
planned US and German systems, the positive differences between the revenues and 
costs, i.e., profits, are supposed to increase, thus indicating their increasing eco- 
nomic feasibility. 
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Fig. 4.76 Example of the capital/investment costs for different TRM lines in China (commer- 
cialized/operationalized), and USA and Germany (planned) (USDT 2005) 
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Fig. 4.77 Example of the relationship between the average operating costs and revenues and 
length of line of different TRM08 systems—in China (commercialized/operationalized) and USA 
and Germany (planned) (USDT 2005) 


4.7.2.6 Environmental Performances 


The environmental performances of TRM system include: (a) energy/fuel con- 
sumption and related emissions of GHG (Greenhouse Gases); and (b) land use. 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


The TRM rolling stock/vehicles consume electric energy for generating both lift— 
levitation and thrust force. Much greater proportion is consumed for generating the 
latter than for the former force. In addition, a part of the energy spend during 
deceleration is returned to the network, thus also indicating possibilities for saving 
energy similarly as at the HSR. Figure 4.78 shows an example of the relationship 
between the specific energy consumption and operating speed of the TRM and HSR 
vehicle/train (The latter is given for the purpose of comparison). 

As can be seen, at both TRM and HSR vehicles/trains, the specific energy 
consumption increases more than proportionally with increasing of the operating 
speed but remains lower at the TRM train at any speed (Powell and Dunby 2007). 
The emissions of GHG by the ТКМ vehicles/trains, in addition to the 
above-mentioned energy consumption, also depend on the primary sources for 
obtaining the electric energy in the given case. Some figures indicate that it is about 
23 gCOjs-km at the operating speed of 300 km/h and 33 gCO,/s-km at the 
operating speed of 400 km/h (https://maglevinnovation.weebly.com/social-and- 
environmental-benefits.html/). 
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Fig. 4.78 Relationship between SFC (specific energy consumption) and cruising speed of the 
TRM and HSR rolling stock/vehicles/trains (Janić 2014, 2016; Lukaszewicz and Andersson 2009) 
(sp—spaces/seats) 


(b) Land use 


The land use by the TRM system implies the area of land taken for building its 
guideways. The experience so far has shown that the ROW (right-of-way) of a dual 
guideway is typically 8-12 m wide (see Fig. 4.69). Consequently, the area of land 
taken is equal to the product of this width and the length of line, excluding stops 
and the begin and end station(s)terminal(s). For comparison, the ROW of a 
double-track HSR line is about 14—16 m (see Fig. 4.56) (Geerlings 1998). 


4.7.2.7 Social Performances 


Similarly as its HSR system counterpart, the social performances of TRM system 
embrace: (a) noise; (b) congestion; and (c) traffic incidents/accidents (safety). 


(a) Noise 


The noise generated from the passing-by ТКМ vehicles/trains has shown to 
increase with increasing of their speed, similarly as at the above-mentioned HSR 
counterpart. Figure 4.79 shows an example of the relationship between the level of 
noise and the operating speed of the TRMOS vehicle/train (Chen et al. 2007). 

As can be seen, the level of noise increases in direct proportion with increasing 
of the TRMOS speed. However, this noise is much lower than that generated by the 
HS trains passing by at the same right-of-way distance from an observer. 
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Fig. 4.79 Relationship between the level of noise and the operating speed of the TRMOS vehicles/ 
trains measured at the right-angle distance of 25 m from the line (Chen et al. 2007) 


(b) Congestion 


Thanks to applying the above-mentioned separation rules in addition to designing 
timetable(s) on the given lines/routes, the TRMOS system is free of congestion and 
consequent delays due to the direct mutual influence of the vehicles/trains on each 
other while ‘competing’ to use the same segment of a given line/route at the same 
time. However, some delays due to some other reasons can propagate (if impossible 
to absorb and neutralize them) through the affected TRMOS vehicle(s)/train(s) 
itinerary as well as along the dense line also affecting the other otherwise 
non-affected services. Nevertheless, the above-mentioned TRM system connecting 
Shanghai and its Pudong International Airport (China) has the punctuality rate over 
the period of 10 years of commercial operations of about 99.93% (Hyung and Dong 
2016). 


(c) Traffic incidents/accidents (safety) 


The above-mentioned currently commercialized TRM system has been free of 
accidents during the last 14 years of its operations. However, two incidents without 
deaths and injuries happened—one in 2006 (fire on board the vehicle) and the other 
in 2016 (an equipment failure affected the system operations for more than one 
hour, which compromised the punctuality of successive services) (https://en. 
wikipedia.org/wiki/Shanghai_maglev_train#Incidents/). 
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4.8 HL (Hyperloop) System 
4.8.1 General 


The HL (Hyperloop) system is a new transport system currently in the conceptual 
stage claimed to provide superior operational, economic, environmental, and social 
performances particularly compared to those of HSR (High-Speed Rail) system in 
the given context (Musk 2013). However, these claims are still to be confirmed after 
an initial commercialization of the system. Some initiatives, among others, have 
also started in the Netherlands by considering connection of the main airport 
Schiphol to the regional airport Lelystad. The latter is expected to take over the 
traffic from the former when this comes under saturation and the lack of possibilities 
for the further assumption. Under such conditions, the HL system is going to serve 
as the airport-to-airport accessibility. 


4.8.2 Components and Performances 


The main components of HL system are considered to be: (i) infrastructure; 
(ii) power supply system; (iii) supporting facilities and equipment; (iv) rolling 
stock/vehicles; and (v) operating and supporting staff. Similarly as at the TRM 
system, in the scope of description of the main components, the system’s infras- 
tructural, technical/technological, operational, economic, environmental, and social 
performances are also elaborated. 


4.8.2.1 Infrastructural Components and Performances 


The main infrastructural component of the HL system is the line consisting of at 
least two parallel tubes and the stations along them enabling operations of the HL 
rolling stock/vehicles in both directions without interfering with each other and 
embarking and disembarking of passengers, respectively. At the HL system 
designed exclusively for the passenger transport, each tube made of steel has a 
diameter of 3.6 m and the wall thickness between 2 and 3 cm. Figure 4.80 shows 
the simplified scheme of the right-of-way of this tube for the version “Hyperloop 
Passenger Plus Vehicle Capsule”. The diameter for the version “Hyperloop 
Passenger Capsule” is 2.23 m (Musk 2013). 

The tubes will be based on the elevated pillars approximately at the distance for 
30 m except for tunnel and bridge sections. The ultra-high vacuum of about 
0.75 Torr (0.015 psi or 100 Pa) (British and German standards; Torr = Toricheli) 
would be maintained in the tube [the standard atmospheric pressure amounts 
760 Torr or 1.013 x 10? Pa (Pascal)]. The stations of the HL system supposed to 
consist of three modules are to be integrated within the tubes. The first module is 
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Fig. 4.80 Simplified scheme of the cross section of the passenger and vehicle version of the HL 
vacuum tube (Musk 2013) 


the chamber, which as a part of the vacuum tube handles the arriving HL vehicle 
(ultimately the ‘arriving’ chamber). After entering the vehicle, the chamber is 
de-vacuumed. Then, the vehicle proceeds to the second module with the normal 
atmospheric pressure where passengers embark and disembark it. After that, the 
vehicle passes to the third chamber where at that moment the normal atmospheric 
pressure prevails (ultimately the ‘departing’ chamber). Then, it spends time until the 
chamber is de-vacuumed, leaves it, and proceeds along the tube. This vehicle 
handling process takes place at each station of the line. The chambers are separated 
by the hermetic doors enabling establishing and maintaining the required air 
pressure in the above-described order (Musk 2013). 


4.8.2.2 Technical/Technological Components and Performances 
The main technical/technological components of the HL system are: (a) power 


supply system and supporting facilities and equipment; and (b) rolling stock/ 
vehicles. 
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(a) Power supply system and supporting facilities and equipment 


The power supply systems is based on the solar panels installed on the vacuum 
tubes, which collect the sun energy, which is then converted into the electric energy 
used by the supporting facilities and equipment and rolling stock/vehicles. 

The main supporting facilities and equipment are: (i) vacuum pumps maintaining 
the vacuum conditions within the tubes and at the stations at the specified parts; and 
(ii) vehicle and traffic control and management system within the tubes and at the 
stations. These are also the maintenance systems for all previous components 
(Musk 2013; TNO 2017). 


(i) The vacuum pumps are installed to initially evacuate and later maintain the 
required level of vacuum inside the tubes and in the stations' first and third 
chambers. In particular, creating vacuum within the tube implies an initially 
large-scale evacuation of air and later on removal of the smaller molecules 
near the tubes’ walls using the heating techniques. These pumps would con- 
sume a rather substantive amount of energy. At the initial stage, they would 
operate until achieving the above-mentioned required level of tube vacuum, 
then, be automatically stopped, and the vacuum-lock isolation gates opened. In 
cases of air leakage in some section(s), the corresponding gates will be closed 
and the pumps activated again. The pumps would be located along the tube(s) 
in the required number depending on the volumes of air to be evacuated, 
available time, and their evacuation capacity. As far as de-vacuuming and 
vacuuming of chambers at the stations is concerned, the required number of 
vacuum pumps will operate accordingly. 

(ii) The vehicle and traffic control and management system within the tubes and 
at the stations mainly embraces switches, sidings, and airlocks. The switches 
will enable the vehicles to pass them at the maximum speed in all directions. 
With such switches, the vehicle will not interfere with each others indepen- 
dently of their destinations. The sidings located approximately at every 10 km 
along the tubes consist of the low-speed switches and airlocks, allowing 
evacuation of the passengers in cases of the serious technical failures. The 
airlocks are devices equipped with gate valves, allowing efficient boarding and 
disembarking of passengers inside the vacuum tube without the need to vent 
the entire tube (Musk 2013; TNO 2017). 


(b) Rolling stock/vehicles 


The rolling stock/vehicles of the HL system are actually the version of TRM trains 
operating within the above-mentioned vacuum tubes. The HL vehicles/capsules/ 
pods for transportation passengers and passengers and vehicles have the frontal area 
of L4 and 40 m’, respectively. They are supposed to operate in the 
above-mentioned low-pressure tubes on a 0.5-1.3 mm layer of air featuring the 
pressurized air and the aerodynamic lift. Under such conditions, they will be able to 
operate at the maximum cruising speed up to 1.220 km/h (the maximum acceler- 
ation is going to be similar to that of TRM, HSR, and commercial aircraft of 0.2— 
1.0 G; С = 9.81 m/s”). The total (gross) weight of each vehicle/capsule/pad 
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Fig. 4.81 Simplified scheme of the passenger version of the HL vehicle/capsule/pod (Musk 2013) 


including its own, passenger, and luggage weight is supposed to be 15 tons for the 
passenger and 26 tons for the passenger and vehicle version, with the seating 
capacity of 28 seats/unit. The required aerodynamic power at the speed of 1120 km/ 
h is supposed to be about 285 kW with the drag force of 910 N (KW—Kilowatt; М 
—Newton). Figure 4.81 shows the simplified scheme of the passenger version of 
the vehicle/capsule/pad (Musk 2013). 


4.8.2.3 Operating and Supporting Staff 


The operating and supporting staff of the HL system would include direct 
employees at the vehicles/capsules/tubes and at the tickets selling and control 
locations, i.e., stations. In the given context, it is assumed that one employee will be 
present in each capsule, checking the seat belts, helping in the case of problems, and 
possibly providing some food and drink. The staff at the stations would include two 
employees per station controlling and possibly selling tickets, helping and guiding 
users/passengers. In addition, there may be one employee per 1000 km of the line/ 
tube dealing with the traffic management. In addition, some estimates have indi- 
cated that the HL system of the length of 57 km connecting the Amsterdam 
Schiphol and Lelystad airport (The Netherlands) would generate about 100 fully 
employees, i.e., about 1.75 per km (TNO 2017). 


4.8.2.4 Operational Performances 
The main operationalperformances of the HL system are: (a) infrastructure capacity; 


(b) rolling stock/fleet size; (c) quality of services; (d) transport work; and (e) tech- 
nical productivity. 
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(a) Infrastructure capacity 


The infrastructure capacity of the HL system can be determined for the particular 
segments and for the entire line/tube, and stations along it. In general, this capacity 
can be traffic and transport and expressed similarly as that of the above-mentioned 
TRM and HSR counterparts. Specifically, the traffic capacity of a given segment/ 
line/tube is mainly dependent on the separation rules and procedures between 
successive HL capsules/pods moving in the same direction and their average 
operating speed. The transport capacity of a given segment/line/tube is influenced 
by its traffic capacity, the seating capacity of capsule/pod and its utilization (load 
factor). The capacities of stations are dependent on the segment/line/tube capacities 
and the average time of staying of the vehicles/capsules/pods at the stations. These 
capacities and conditions of their utilization are elaborated in more detail in Chap. 5 


(b) Rolling stock/fleet size 


The rolling stock/fleet size of the HL system is determined similarly as that of its 
HSR and MAGLEV system counterparts. For example, in the line/tube of 600 km, 
the HL vehicles/capsules/pods operate at an average speed of 965 km/h with the 
transport service frequency of: 10 dep/h. The travel time in the single direction 
takes: (600/965) - 60 = 37.3 min; in both directions, it is: 2 - 37.3 = 74.6 min. The 
vehicle/capsule/pod takes additional 2 - 5.42 min = 10.84 min to pass through the 
stations/terminals at both ends of the line/tube. Then, the total turnaround time of a 
vehicle/capsule/pad is equal to: 74.6 min + 10.84 min = 85.44 min. Under such 
conditions, the required fleet size will be: 10 dep/h · 85.44/60 h-dep ~ 14 vehicles/ 
capsules/pads (Taylor et al. 2016). 


(c) Quality of services 


The quality services provided by the HL system can be expressed by: (i) transport 
service frequency; (ii) travel time; (iii) reliability and punctuality of services; and 
(iv) comfort on board. 


G) Transport service frequency of HL system is estimated to be: 10 dep/h, which 
is rather comparable to that of the HSR. Under such conditions, the average 
schedule delay, i.e., the user/passenger waiting time for the nearest forth- 
coming departure will be: 1/4 - (60/10) = 1.5 min (Taylor et al. 2016). 

(ii) Travel time along a given HL system's line/tube will mainly depend on the 
travel distance, the average speed, and the stopping time at the particular 
intermediate stops/stations. It should be mentioned that this time does not 
include the system's access/egress time. In the above-mentioned example, 
along the line of 600 km and the average operating speed of 965 km/h, it has 
been: 37.3 min plus 2 min for embarking and disembarking the vehicle/ 
capsule/pad (min—minutes) (Taylor et al. 2016). 

(ш) Reliability and punctuality of services of the HL system are expected to be 
very high. This is expected thanks to being completely automated system 
excluding human errors, influence of atmospheric disturbances, and the very 
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high technical reliability of all main components, i.e., infrastructure, power 
system, supporting facilities and equipment, and vehicles/capsules/pods. 

(iv) Comfort on board is expected to be comparable to that at the contemporary 
commercial aircraft although the users/passengers will spend comparably 
shorter time there. In particular, provision of toilets is going to improve 
substantively this comfort on board. 


(d) Transport work 


The transport work carried out by the HL system is also defined as the product of 
the seat/space capacity or the number of passengers on board and travel distance 
(seat/space- or p-km) carried out per given unit of time (h or day). It is again 
dependent on the infrastructure transport capacity and the length of line or the 
interstation/stop distance. For example, the transport work carried out by the HL 
system operating between two airports in the Netherlands (Schiphol and Lelystad) 
with the seating capacity of the vehicle/capsule/pod of 28 seats and load factor of 1.00 
departing every 6 min during a given hour between the airport and the city at the 
distance of 57 km is equal to: (60/6) - 28 - 1.00 - 57 = 15,960 p-km/h (p—passengers) 
(TNO 2017). 


(e) Technical productivity 


The technical productivity is defined as the product of the vehicle or line seat/space 
offered capacity or the number of passengers transported during a given period of 
time by such offered capacity and the HL vehicle/capsule/pod(s) operating speed 
(seat/space- or p/h - km/h = seats/spaces or p-km/h?). At the above-mentioned HL 
vehicle/capsule/pod of the capacity of 28 spaces/seats and the load factor 1.00 
operating at the average speed of 965 km/h ten times per hour (i.e., every 10 min), 
the technical productivity is equal to: 10 - 28 - 1.00 - 965 = 270,200 p-km/h?. 


4.8.20.5 Economic Performances 


The economic performances of HL system relate to its: (a) capital/investment costs 
and (b) operating costs on the one side, and the revenues obtained from charging 
users/passengers on the other. Some subsidies and the other not directly transport 
related commercial activities could also be the sources of revenues. 


(a) Capital/investment costs 


The capital/investment costs are the costs for building infrastructure (tubes, sta- 
tions), and the costs for acquiring rolling stock/vehicles/capsules/pods. Because the 
HL system still does not exist, its costs are estimated comparing to that of TRM 
system (Wilkinson 2016). Consequently, the capital/investment costs for building 
the HL line(s)/tube(s) are likely to be dependent on the local conditions (an empty 
area on flat sandy soil, highly urbanized area, moorland, mountains, tunnels, 
bridges, etc.). According to Musk (2013), the average capital/investment costs of 
the tubes positioned on pylons and of the tubes in tunnels would be €10.3 x 10°/ 
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km and €34.0 х 10°/km, respectively. In addition, the capital/investment costs of 
building stations at the end of the lines/tubes are estimated to be: €116 x 106/ 
station. As well, the costs of acquiring the vehicles/capsules/pods are estimated to 
be about: €1.52 x 10°/unit. 


(b) Operating costs and revenues 


The operating costs include that of operating and maintenance of the vehicles/ 
capsules/pods and that of operations and maintenance of infrastructure (lines/tubes 
and stations). The main costs components are that for energy, labour, and material. 
For example, some rough estimates indicate that if the HL vehicle/capsule/pod of 
the seating capacity of 28 seats operates 15 h/day along an average distance of: L = 
600 km, the total average operating costs including the above-mentioned compo- 
nents will be: 0.0015 €/s-km. Including the capital//investment cost, the average 
costs will be: 0.0075 €/s-km (Musk 2013). 

The above-mentioned costs are expected to be covered by the revenues mainly 
obtained from charging users/passengers. This implies that the average unit price 
per km per user/passenger should at least cover the corresponding total average unit 
cost. Some estimates indicate that in the case of the transport service frequency of 
180 dep/day, the unit revenue should be at least: 0.36—0.47 €/p-km in order to 
cover the corresponding average unit costs. 


4.8.20. Environmental Performances 


The environmental performances of the HL system relate to: (a) energy con- 
sumption and emissions of GHG (Greenhouse Gases); and (b) land use. 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


The HL system is expected to be more energy-efficient particularly as compared to 
the HSR mainly due to less friction with the track(s) and lower air resistance while 
operating in the low-pressurized tubes. Some preliminary estimates have suggested 
that the HL system can be for several times more energy-efficient than its HSR and 
TRMOS counterpart. For example, the average energy consumption of the HL 
vehicle/capsule/pad operating at an average operating speed of 960 km/h and 
consequently requiring the power of 285 kW will be: 285 - (1/960 km/h)/28sp = 
0.297 (kWh/km)/28sp z 0.011 kWh/sp-km (sp—space/seat) (see also Chap. 5). 
That of the HSR operating at the speed of 350 km/h is about: 0.070 kWh/sp-km and 
that of the TRMOS operating at the speed of 400 km/h is about: 0.060 KWh/sp-km 
(see Fig. 4.76; Table 4.9) (Musk 2013; Taylor et al. 2016). The electric energy will 
be obtained from the solar panels on the top of tube(s) in the sufficient quantities 
and stored in the battery packs on board the vehicles, thus enabling their operations 
during the night, in tunnels, and during a cloudy weather (Musk 2013). The 
emissions of GHG are directly related to the energy consumption. If the energy for 
operations is to be fully obtained from the above-mentioned solar panels, the HL 
system can be considered free from the direct emissions of GHG. 
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(b) Land use 


Since the HL system infrastructure—lines/tubes and stations—are planned to be 
elevated on pillars, the effective land use on the ground (net area of the land to be 
taken) can be limited. However, it remains to be seen if the space between the 
pillars can be used meaningfully. In addition, the HL system's 5.2-m-wide tubes 
will be mounted side-by-side on the elevated pillars spaced on an average of 30 m. 
Consequently, if the land in between cannot be used effectively the average gross 
area of land used by a HL line is estimated to be about 1.02 ha/km (ha—hectare) 
(Wilkinson 2016). 


4.8.27 Social Performances 


The social performances of the HL system generally relate to congestion, noise, and 
traffic incidents/accidents (i.e., safety). 

Regarding the nature of operations and the required spacing between the 
vehicles/capsules/pods operating in the same direction within the vacuumed tube(s), 
the HL system can be considered as free of congestion. In addition, the HL system 
is supposed not to generate any external noise affecting relatively close population. 
This is due to the fact that the HL vehicles/capsules/pods are not in contact with the 
tube and therefore there is no transfer of vibrations outside. The only potential but 
prospectively negligible noise could be generated by the vacuum pumps (Wilkinson 
2016). As well, the HL system is expected to be free of the traffic incidents/ 
accidents due to the system internal reasons. As the closed system, the interactions 
of the HL system with its surrounding environment and the other transport modes 
as well are excluded. Thus, the HL system is expected not to make damages to the 
third parties. As being completely automated, the HL system is expected to be free 
of the human errors, eventually contributing to the traffic incidents/accidents and 
related consequences. Moreover, the HL system is supposed to be designed 
according to the fail-safe-principle. This implies that in the case of danger (1.е., a 
rapid depressurization of the vehicle/capsule/pod or in tunnels), the “clever” system 
will stop the vehicle/capsule/pod and, if needed, provide means of the individual 
salvation (e.g., the oxygen masks for passengers). Nevertheless, many other safety 
issues, such as evacuation of passengers, stranded vehicles/capsules/pods, still need 
to be further elaborated (Taylor et al. 2016). 


4.9 The PRT (Personal Rapid Transit) System 


4.9.1 Components 


The PRT (Personal Rapid Transit) has been elaborated in 1990s and commercial- 
ized in 2010s. This is a fully automated transit system consisting of the 
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aboveground dedicated guideways, enabling movement of the small passenger 
vehicles, i.e., capsules. Specifically, the PRT (Personal Rapid Transit) can be used 
as follows (Janić 2014): 


(a) An airport ground access “rail-based” system complementing to the 
above-mentioned ones; 

(b) An interairport transit system connecting the airports belonging to the same 
airport system (e.g., three New York and/or three London airports); and 

(c) An intra-airport transit system at large airports connecting the distant structures 
such as terminals (satellite concept) to the long-standing parking areas, and vice 
versa; one of these systems operating at airports is the PRT ULTra (Urban 
Light Transit) system started operations at the London Heathrow Airport 
(UK) in the year 2011. 


The main components of a given PRT system are the infrastructure, power 
supply system, supporting facilities and equipment, rolling stock/vehicles, and 
operating and supporting staff. 


4.9.11 Infrastructure 


The infrastructure of PRT systems includes: (a) guideways; (b) their network; 
(c) stations; and (d) switching. 


(a) Guideways 


A typical PRT guideway is an U-shaped configuration made of the concrete laying 
on the concrete and/or steel/concrete construction. This construction is supported by 
pods (solid pillars) located on the certain distances, thus enabling as more as 
possible uniform distribution of the load of itself and that of the moving vehicles. 
The cross section of the U-shape guideway with vehicles determines the 
square-shaped vehicle dynamic envelope with the height of about 3 m (from the top 
of a vehicle to the bottom of the guideway aerial structure) and the width of about 
5 m for the two-track guideway(s) as shown in Fig. 4.82 (Janić 2014). 

The height of the pods (solid pillars) from the ground can vary depending on the 
roadway and/or pedestrian way clearance requirements. The guideways are also 
designed with respect to the stress and passenger ride comfort, generally with or 
without walkways, and with many curves, but also hills. Both horizontal and 
vertical curves need to be designed to enable the riding comfort for seating pas- 
sengers according to the standards for the lateral and normal acceleration and jerk of 
about 0.25 g and 0.25 g/s (g = 9.8 m/s”), respectively (Anderson 2007; Janić 2014). 


(b) Network 


The PRT system network consists of guideways. Its spatial layout is usually 
adjusted to the spatial density of user/passenger demand. The network can consist 
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Fig. 4.82 Simplified scheme of the double-track right-of-way of the PRT system (Јапіс 2014) 


of a single line connecting a given origin and destination, if it is, for example, an 
airport access or an internal-airport transit system. In most cases, development of 
this network is supposed to usually start with building a single guideway and then 
gradually expand by adding the new ones through adapting to the users/transport 
needs. 


(c) Stations 


The PRT system stations are designed as the off-line guideways located between the 
intersections of guideways usually at the distance of about 800 m, but usually 
depending on the spatial distribution of user/passenger demand. In the vertical 
plane, the stations are designed as the elevated platforms levelled to the elevated 
guideways and standing either alone or incorporated into the other existing urban 
structures. The length of an off-line station can be, dependent on the vehicle's 
operating speed, about 33—39 m, thus enabling the safe manoeuvring space and 
berths for about 3—5, and, if needed, after extension, for up to 12-14 vehicles. The 
additional berths are also needed for the waiting vehicles due to any reason—for 
example, because not being engaged during off-peaks, maintenance, or facing all 
tracks occupied. Since the passengers are supposed to spend at the stations for the 
very short time during boarding and getting off the vehicles, the intended space is 
relatively small, thus reducing the construction costs, and mitigating the visual 
impacts and the crowd-related (social) problems. Such designed off-line stations 
enable continuous vehicles’ movement, thus maximizing the transit speed and 
minimizing the transit time, while rising the riding comfort. In addition, these 
stations simultaneously offer a good spatial accessibility (Anderson 2007; Janić 
2014). 
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(d) Switching 


The switching is an important component of the PRT infrastructure. At present, 
the switching is based on the mechanical backup. In such case, switches have two 
stable positions, are self-stable, and can be thrown manually, if required. They are 
unaffected by the centrifugal forces, operable under all weather conditions, and 
powered by the low-voltage batteries (Janić 2014). 


4.9.1.2 Power Supply System 


The power supply system of the PRT system relates to the propulsion systems of 
the rolling stock/vehicles/pods. These are usually LEM (Linear Electric Motor), 
LSM (Linear Synchronous Motor), or LIM (Linear Induction Motor) powered by 
the electricity from the on board batteries or from the external electricity supply 
system. In both cases, the motors are controlled by the computer microprocessor. 
The lead-acid or lithium iron phosphate batteries can be used and charged at the 
charging locations at the begin/end stations of the line(s). 


4.9.1.3 Supporting Facilities and Equipment 


The supporting facilities and equipment of PRT systems generally include: 
(a) system for controlling movement of the vehicles; and (b) system for interaction 
with users/passengers. 


(a) System for controlling movement of the vehicles 


The control of rolling stock/vehicles/pods while operating along the guideway(s) of 
a given PRT system is carried out by the fully automated centralized dual-redundant 
computer system. The control function is set up at three levels: (i) the vehicle 
control; (ii) the zone control and (iii) the central control. The vehicle/pod control 
generates the intended routes/paths for each vehicle boarded by an individual and/or 
group of users/passengers between their intended origin(s) and destination(s), and 
accelerate/decelerate, monitor, and control the operating speeds and headways 
between the vehicles. This implies that each vehicle/pad follows the assigned/ 
commanded trajectory. The zone control enables each vehicle to communicate with 
the zone's computer controller. The vehicle transmits information about its position 
and speed to this controller through the cable in the guideway, and the controller 
responds back with the manoeuvring commands, both in milliseconds. In addition, 
the merge-zone-control computer receives and maintains information about the 
current position and speed of all vehicles within a given merging zone, and resolves 
the potential merging conflicts by sending the manoeuvring commands to the 
vehicles involved. The central control is carried out means by the central computer 
controlling the computers at the other two (lower) hierarchal levels. 
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(b) System for interaction with users/passengers 


The system for interaction of a given PRT system with its users/passengers gen- 
erally consists of: (1) the sub-system for informing and communicating and (ii) the 
sub-system for fare collecting. The sub-system for informing and communicating 
has the components and functions at both vehicles and berths/stations given in the 
self-explained Table 4.13. 

The sub-system for collecting fares consists of the ticketing machines located at 
the stations/berths. After selecting destination and paying by an available mean 
(cash, credit, debit card), a person gets the magnetically encoded card. Then, he/she 
takes the ticket and goes to the boarding platform where passing the ticket through 
the stanchion in front of the available empty vehicle. Then, the info about the travel 
itinerary is transferred to the microprocessor on board the vehicle. The door is 
opened, the vehicle is boarded, the door is closed, and the zone and then the central 
computer, based on the info received from the given vehicle, generate and then 
open the route/path for the vehicle respecting the surrounding traffic. The non-stop 
transit to the intended destination begins. There, after the vehicle's door opens 
automatically, the person can leave the vehicle (Jani¢ 2014). 


4.9.1.4 Rolling Stock/Vehicles/Pods 


The PRT system rolling stock/vehicles/pods, designed as small, light, and as short 
as possible—typically 2.7 m long and 1.65 m width, are usually placed above the 
guideway(s). Figure 4.83 shows an example of the pod of the ULTra PRT system 
operating at the LHR (London Heathrow) Airport (London, UK) (https://en. 
wikipedia.org/wiki/UL' Tra. (rapid. transit/). 

Each vehicle consists of three parts: passenger cab, a bogie for interface with the 
guideway, and propulsion system. The typical capacity of the passenger cab is 4 
persons plus 2 children (and their baggage between the seats) including space for 
wheelchairs, bike, etc. A bogie is with the rubber-tired or steel-wheels, each 
guaranteeing efficient and effective braking at the acceptable noise. The LEM 
(Linear Electric Motor) enables the weather-independent acceleration and barking, 
and the reaction and breaking time of few milliseconds, each as compared to that of 
a human of 0.3-1.7 s, and that of mechanical brakes of 0.5 s, respectively. The 


Table 4.13 Sub-system for informing and communicating within a PRT system (Janić 2014) 




















Component Function 

* Touch screen, automated interactive display and audio Information 

e ССТУ*, intercom, emergency assistance request button Communications initiation 
* Two-way audio intercom and CCTV monitoring Communications 

* Application dependent CCTV, intercom, operator Destination selection 

* Facility for ride sharing Emergency response yes 





*CCTV closed-circuit television camera 
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Fig. 4.83 Pods of the ULTra 
PRT system (LHR—London 
Heathrow Airport, London, 
UK) (https://en.wikipedia.org/ 
wiki/ULTra_(rapid_transit)) 


/ 


N 





operating speed of vehicles can vary between 30 and 80 km/h depending on type of 
the PRT system, and location, geometry, and topography of guideways (the ele- 
vation change can be up to 15% along the distance of 9.0 m). 


4.9.1.5 Operating and Supporting Staff 


The PRT are completely automated systems, implying that the rolling stock/ 
vehicles/pods are driverless. This also relates the lack of staff at the berths/stations. 
The staff however monitors the vehicles/pods and the central computer in the 
corresponding location/room and intervenes in the cases of deviations from the 
prescribed operations of both. 


4.9.2 Performances 


Similarly as at the other above-mentioned systems, the performances of the PRT 
system are considered to be: infrastructural, technical/technological, operational, 
economic, environmental, and social. 
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4.9.21 Infrastructural Performances 


The infrastructural performances embrace geometrical characteristics and dimen- 
sions of the guideways and stations. Those of the guideways include: the track 
width (at grade/elevated), the maximum track gradient, positioning profile, square 
dynamic envelope (width x height), turning radii and height (m), the spacing of 
pods (concrete pillars), the pavement type, and the total length of the network. 
Those of the stations are: the number of stations along the guideway/line, the 
number of berths per station, and the berth length and capacity. Some of the 
above-mentioned performances for the ULTra PRT system at LHR (London 
Heathrow) Airport (London, UK) are given in Table 4.14. 

As can be seen, the guideways are concrete on the steel mainly elevated con- 
structions. Their width is up to 2.10 m, the maximum gradient 10°, and turning 
radii 5.2 т. The area of the square dynamic envelope is about 4.2 m?. The stations 
are spaced for 3.9 km, with 2—4 berths per station of the length of 3.2 т and width 
of 4 m. 


4.9.2.2 Technical/Technological Performances 


The technical/technological performances of the PRT systems mainly relate to 
those of the rolling stock/vehicles (pods), power system, and supporting facilities 
and equipment. The main performances of the rolling stock/vehicles are their 


Table 4.14 Infrastructural performances of the ULTra PRT system at LHR (London Heathrow) 
Airport (London, UK) (Janić 2014) 


Performance Value 











Guideways 
Track width (at grade/elevated) (m) 1.75/2.10 
Maximum track gradient (%) 10 


Positioning profile Mainly elevated 
1.75-2.10 x 2.00 
Concrete on a steel structure 
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Square dynamic envelope (width x height) (m) 





Pavement (type) 





Turning radii (m) 


























Height (m) 5.7 

Spacing of pods (concrete pillars) (m) 18 

Length of line/network (km) 3.8 

Maintaining guideway operational Snow and ice vehicle 
Stations 

Number 3 

Spacing (km) 3.9 

Berths per station 2-4 





Berth length/width (m) 3.2/4 
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Table 4.15 Technical/technological performances of the ULTra PRT system at LHR (London 
Heathrow) Airport (London, UK) (Janić 2014) 


Performance Value 


Rolling stock/vehicles/pods 

















Length/height/width (m) 3.70/1.47/1.80 
Weight (empty/full) (ton) 0.85/1.30 
Payload (tons) 0.45 

Capacity (spaces) (adults + children) 4+2 
Suspension/support Rubber-wheeled 





Power supply (V/kW) 
Engine type 


4 x Batteries (Acid) 48/2 


Electric motor driving vehicle wheels 








Control system 











Guidance—vehicle Electronic control steering 
Control—vehicle Central system 
Operations—vehicle Driverless/self-managed 





dimensions, weight, capacity, type of propulsion/engine, and operational system. 
The performances of power supply system are given by its type. The performances 
of supporting facilities and equipment are the guidance and control system of the 
rolling stock/vehicle/pods. Table 4.15 gives these performances for the ULTra PRT 
system at LHR (London Heathrow) Airport (London, UK). 

As can be seen, the vehicles with the rubber wheels are powered by the energy 
from batteries on board, which can be charged at stations—either at berths or in the 
dedicated charging rooms at the operation facility. At the forthcoming Vectus PRT, 
the power is to be provided to vehicles by a current collection system installed 
along the guideway(s). In addition, the vehicles are self-managed and controlled by 
the central control system. As well, each vehicle has an independent CAS (Collision 
Avoidance System), two-way communications between operator and passenger(s) 
on board including CCTV, air conditioning, and LCD screens displaying journey 
status and the other useful messages for passengers. 


4.9.2.3 Operational Performances 


The operational performances of the PRT systems are: (a) capacity and fleet size; 
(b) quality of service; and (c) transport work and technical productivity. 


(a) Capacity and fleet size 


The capacity of a given PRT system generally includes the capacity of vehicles, 
lines, and stations. The vehicle capacity is expressed by the number of spaces for 
users-passengers. The capacity of lines and stations can be expressed by the traffic 
capacity and the transport/transit "ultimate" and "practical" capacity. The former 
reflects the number of vehicles and the latter the number of users-passengers 
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handled and transported, respectively, during the specified period of time (usually 
one hour) under conditions of the constant demand for service (“ultimate”) or the 
average delay imposed on each vehicle (“practical”). Both the “ultimate” and 
"practical" capacities of the PRT system's lines and stations are elaborated in the 
scope of modelling of these capacities for the rail-based systems in Chap. 5. In 
addition, for example, the fleet size of the given ULTra PRT LHR (UK) has been 21 
vehicles/pods. 


(b) Quality of services 


The quality of services of a given PRT system can be expressed by the attributes/ 
indicators such as: (1) accessibility and availability; (11) transport service frequency; 
(11) travel/transit time; (iv) reliability and (v) punctuality of services; and (vi) riding 
comfort (Janić 2014): 


() Accessibility relates to the relatively short walking distance to one of the PRT 
stations, which is, ideally, about 150 m requiring up to 5 min walking time. 
Availability implies operations of the PRT system during the day (very often 
24 h/day). 

(ii) Transport service frequency of the PRT system is generally set up to match 
the real-time demand. Consequently, at this demand-responsive system, the 
users/passengers do not experience the schedule delay since the vehicles/ 
pods are usually waiting for their requests for service. However, sometimes 
some delays, i.e., waiting for the arrival of vehicles/pods, can happen in the 
cases of the time difference between the moment of the user/passenger 
request for a free vehicle/pod and the moment when it becomes available. 

(i) Travel/transit time depends on the distance between the selected origin(s) 
and destination(s), and the average operating speed, the latter influenced the 
vehicle's acceleration/deceleration rate (not higher than 1-1.5 m/s?) and 
cruising speed. 

(iv) Reliability of services of a given PRT system can be expressed as the ratio 
between the realized and planned services. Reliability of the system's ser- 
vices during the specified period of time (day, month, year) is expected to be 
close to 100%. 

(v) Punctuality of services of a given PRT system can be expressed as the ratio 
between the delayed and on time carried out transport services. Similarly as 
in case of reliability, the punctuality of the system's services during the 
specified period of time (day, month, year) is expected to be close to 100%. 

(vi) Riding comfort of a given PRT system is achieved with the above-mentioned 
design of guideways, stations, and vehicles themselves. The guideways 
enable smooth “gliding” of the air-conditioned vehicles where free seats are 
always guaranteed. Thanks to the system of controlling the flow(s) and 
spacing between vehicles, their operating speed and acceleration/deceleration 
are always maintained within the prescribed (comfortable) limits excluding 
any unpredictable strong breaking, for example, due to preventing eventual 
collision(s). 
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Table 4.16 Example of the operational performances of the ULTra PRT system at LHR (London 
Heathrow) Airport (London, UK) (Јапіс 2014) 


Performance Value 























Capacity 

Minimum headway (s) 6 

Traffic capacity* (veh/h/dir) 600 
Transport capacity? (pass/h/dir) 3600 
Maximum speed (km/h) 40 
Maximum speed in curve (radius 20/50/100 m) 18/28/40 
Typical/maximum acceleration/deceleration (m/s) 1.25/2.5-5.0 





Quality of service 

100-150/3—5 
22/22/22 

0.3 


Accessibility (walking distance-m/time-min) 
Availability" Wd/Std/Snd (h/day) 
Schedule delay (s) 























Transit time (min) 6.0 
Punctuality (delay) (min) Negligible 
Reliability (96) 99.7 
Transport work and technical productivity 

Transport work (000 p-km) 13.680 
Technical productivity (000 p-km/h?) 144.000 





“Based on the minimum headway 
>Wd weekday; Std saturday; Snd sunday 


(c) Transport work and technical productivity 


The transport work carried out by a given PRT system is also defined as the product of 
the seat/space capacity or the number of passengers on board the vehicles and travel 
distance (seat/space- or p-km) carried out per given unit of time (h or day). It is again 
dependent on the infrastructure transport capacity and the length of line or the in- 
terstation/stop distance. The technical productivity is defined as the product of the 
vehicle or line seat/space offered capacity or the number of passengers transported 
during a given period of time by such offered capacity and the PRT system vehicle(s) 
operating speed (seat/space- or p/h - km/h =seats/spaces or p-knyb?). Self-explaining 
Table 4.16 gives the above-mentioned operational performances of the ULTra PRT 
system operating at LHR (London Heathrow) Airport (London, UK). 


4.9.2.4 Economic Performances 


The economic performances of a given PRT system include the capital/investment 
and operating costs, and revenues. An example is given in Table 4.17 (Janić 2014). 
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Table 4.17 Example of Performance Value 
the economic performances Toss 
of the ULTra PRT system at 
LHR (London Heathrow) Investment cost (10° €/km)* 6.15 
Airport (London, UK) (Janić Operating cost (10° €/year) 1.33 
2014) Subsidies (%) N/A 
Operating cost (€/p) 1.38 
Revenues 
User charge (€/p) 0.70 








“One-way guideway; p passenger; N/A not available 





Table 4.18 Environmental 
and social performances of 
the ULTra PRT system at 


Performance Value 


Environmental 




















LHR (London Heathrow) Energy consumption" (kWh/km) 0.13 
Airport (London, UK) (Janić Emissions of GHG? (gCO2,/p-km) 11.4 
2014) Land use/take (km?) N/A 
Social 
Congestion Free 
Noise (dBA) «50 at 2.5 m 
Incidents/accidents Nil 





?Full vehicle; 
"Emission rates: UK-527 gCO>,/kWh; N/A not available 


As can be seen, the passenger charges are lower than the corresponding average 
operating costs, thus questioning the economical feasibility of the system, i.e., its 
operations without the need for subsidizing. 


4.9.2.5 Environmental and Social Performances 


Similarly as at the above-mentioned systems, the environmental performances of 
the PRT systems generally include energy consumption and related emissions of 
GHG (Greenhouse Gases), and land use. The social performances relate to con- 
gestion, noise, and traffic incidents/accidents (safety). Table 4.18 gives an example 
(Janić 2014). 

The energy consumption mainly depends on the characteristics of rolling stock/ 
vehicles/pods. The corresponding emissions of GHG depend on the quantity of 
consumed electricity and the composition of the primary sources for obtaining it 
(charging batteries). Due to the predominantly elevated network of guideways, the 
PRT system could be considered as neutral in terms of land use. Due to the nature 
of operations, the system is free from congestion and traffic incidents/accidents and 
related consequences (property damages, injuries, and losses of lives) under regular 
operating conditions. In addition, its noise level is affordable at the specified very 
close right-angle distance. 
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4.10 Summary 


The rail-based transport mode and its systems serving to the airport landside ac- 
cessibility by connecting airports with their catchment areas have considered to be: 
the streetcar/tramway & LRT (Light Rail Transit), subway/metro, regional/intercity 
conventional rail, HSR (High-Speed Rail), TRM (TransRapid Maglev), HL 
(Hyperloop), and PRT (Personal Rapid Transit) System. 

Similarly as at its road-based counterparts, the main components of all these 
systems have considered to be the demand and supply. The demand has included 
the systems’ users—air passengers, the airport and other aviation employees, and all 
others such as senders, greeters, and airport visitors. The air freight/cargo demand 
sub-component has not been considered, while the people/person demand has been 
elaborated in more detail in Chap. 5. The supply component has consisted of the 
physical sub-components such as (i) infrastructure embracing the rail lines, stops/ 
stations along them, and the begin/end stations/terminals; (ii) rolling stock/trains; 
(iii) power supply system including type of energy/fuel and supporting facilities and 
equipment; and (iv) directly and indirectly operating staff (e.g., the former includes 
the train drivers, the rail infrastructure and vehicle/trains maintenance staff, and 
traffic dispatchers; the latter generally includes the staff selling the transport services 
and the administrative staff). The non-physical/virtual sub-components have 
included the messages with different information circulating through the systems 
and their physical sub-components, thus enabling decision-making by particular 
actors involved, mainly users/passengers and transport operators. 

The main performances of the rail-based mode and its systems serving to the 
airport landside accessibility have considered, similarly as at its road-based coun- 
terparts, to be infrastructural, technical/technological, operational, economic, en- 
vironmental, and social. The infrastructural performances have related to the 
physical and constructive characteristics and related attributes of the rail lines with 
tracks connecting airports and their catchment areas, stops along the lines, and 
stations/terminals at their ends. The technical/technological performances have 
related to the types and space (seats and standings) capacity of the rail rolling stock/ 
trains including the power supply and traffic control system, the latter comprising 
the traffic signalling system with the components located along the rail lines and on 
board the trains’ power vehicles. The operational performances have related to 
demand, capacity of infrastructure, fleet or rolling stock size, quality of services 
provided to users/passengers, transport work, and technical productivity. The 
economic performances have related to the capital/investment costs in the infras- 
tructure and rolling stock/trains, operating costs, and revenues, the latest obtained 
from charging users/passengers. The environmental performances mainly have 
related to the physical impacts such as the energy/fuel consumption and related 
emissions of GHG (Greenhouse Gases), land use, and waste (This latest is not 
particularly considered). Only the direct impacts have been elaborated without 
considering their costs—externalities. The social performances of the rail-based 
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systems have mainly related to noise, congestion, and traffic incidents/accidents 
(i.e., safety). Also in this case, only the direct impacts have been elaborated without 
considering their costs, i.e., externalities. 


4.11 Exercises 


These exercises should be exclusively asked for each particular rail-based 
system serving to the airport landside accessibility. These are: the streetcar/ 
tramway & LRT (Light Rail Transit), subway/metro, regional/intercity con- 
ventional rail, HSR (High-Speed Rail), TRM (Trans Rapid Maglev), HL 
(Hyperloop), and PRT (Personal Rapid Transit) system. 


4.1 Specify the main components of a given rail-based system serving to the 
airport landside accessibility. 

4.2 Explain the main characteristics of demand component of a given 
rail-based system serving to the airport landside accessibility. 

4.3 Explain the main characteristics of the supply component of a given 
rail-based airport landside access system. 

4.4 Explain the components and the concept of performances of a rail-based 
system serving to the airport landside accessibility. 

4.5 Specify the main components of a given rail-based system serving to the 
airport landside accessibility. 

4.6 What are the elements of infrastructure of a given rail-based system 
serving to the airport landside accessibility? 

4.7 What are the most important factors influencing the geometric design of 
the rail lines of a given rail-based system? 

4.8 Explain the main geometric design characteristics of the rail lines of a 
given rail-based system. 

4.9 What are the main elements of the vertical and horizontal alignments of 
the rail lines of a given rail-based system serving to the airport landside 
accessibility? 

4.10 Explain the relevance and importance of coordination of the horizontal 
and vertical alignments of the rail lines of a given rail-based system. 

4.11 What are the main geometrical characteristics of the rail lines of a given 
rail-based system? 

4.12 What are the main attributes of performances of the rolling stock/trains 
operated by a given rail-based system serving to the airport landside 
accessibility? 

4.13 Explain the size/capacity of particular trains operated by a given 
rail-based system serving to the airport landside accessibility. 

4.14 What are the main attributes of the operational performances of a given 
rail-based system? 
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4.15 Explain the concepts of capacity and the quality of services of the rail 
line of a given rail-based system. 

4.16 Define the transport work and technical productivity of a given 
rail-based line (system). 

4.17 What are the economic performances of a given rail-based system? 

4.18 Explain the differences between the capital/investment and the opera- 
tional costs for the infrastructure and the rolling stock/trains of a given 
rail-based system. 

4.19 What are the most important factors influencing the prices of transport 
services of a given rail-based system operating? 

4.20 What are the main environmental performances of a given rail-based 
system? 

4.21 Which are the main GHG generated by trains of a given rail-based 
system serving to the airport landside accessibility? 

4.22 Estimate the area of land taken by rail lines, stops, and stations/terminals 
of a given rail-based system serving to the airport landside accessibility. 

4.23 What are the main social performances of a given rail-based airport 
landside access system? 

4.24 What is the main factor influencing noise generated by a given 
rail-based airport landside access system? 

4.25 What are the main characteristics of congestion of a given rail-based 
airport landside access system? 

4.26 Regarding the number of traffic incidents/accidents, can a given 
rail-based system be considered as generally safe? 
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Сһар{ег 5 A 
Modelling Performances of the Airport i 
Access Modes and Their Systems 


5.1 Introduction 


During the past two decades a considerable academic and professional literature has 
been devoted to analysing, modelling, and planning development of airports. Some 
main efforts have been focused on the analysis and forecasting of the airport pas- 
senger demand due to many reasons. For example, in the narrower sense, estimation 
of the current and prospective passenger demand has needed to be reliable and 
consistent as much as possible in order to be used as the basis for planning and 
design of the airport passenger complex and landside access modes and their 
systems. Such requirements will certainly stay in place in the future but under 
conditions of the increasingly stronger environmental and social constraints in 
combination with an inherent operational and financial vulnerability of the 
incumbent airlines and their alliance partners operating at particular (also large) 
airports. In addition to the reginal, national, and international economic driving 
forces, the inherent financial vulnerability of the incumbent airlines has been 
considered as one of the main causes of the short-, medium-, and long-term 
volatility of airport passenger demand. Usually, such volatility of demand in the 
short-term is handled operationally by adapting, i.e. more efficient and effective use 
of the available airport capacity including that of the airport landside access modes 
and their systems. The medium- and long-term volatility of passenger demand has 
been much more difficult to handle very often resulting in compromising the effi- 
ciency and efficiency of the actors/stakeholders involved—affected airlines and 
airport(s). (De Neufville 1995). Consequently, the analysis and forecasting of such 
volatile airport passenger demand should always take into account close relation- 
ships between the actors/stakeholders involved, i.e. airport(s) and airlines, in 
combination with the main external and internal demand-driving forces, different 
global and national institutional regulations, and the increasingly stricter local en- 
vironmental (emissions of GHG(greenhouse gases) and land use) and social (noise, 
congestion, and safety) constraints (Jani¢ 2009). 
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In addition to describing the models for analysis and forecasting the number of 
passengers, their senders, greeters, and visitors, and related number of airport and 
aviation employees, this chapter also deals with description of modelling of the 
infrastructural, technical/technological, operational, economic, environmental, and 
social performances of the road- and rail-based airport access modes and their 
systems. In particular, the numbers of airport passengers, senders, greeters, visitors, 
and aviation and airport employees has been considered as transport demand to be 
matched by the offered capacity of the above-mentioned landside access modes and 
their systems during a given period of time under given conditions. 


5.2 Modelling Demand for the Airport Landside Access 
Modes and Their Systems 


5.2.1 Background 


The demand for airport landside modes and their systems generally depends on the 
airport passenger demand. This includes the airport passengers, airport and aviation 
employees, senders, greeters, and visitors. For the purpose of analysing and fore- 
casting, the airport passenger demand can generally be considered either in the 
aggregate or disaggregate form, the latter in diverse segments defined according to 
the certain criteria. For example, at one level, at the small- and medium-sized 
airports handling mostly the national and continental O-D (Origin-Destination) 
flights and their passengers, the passenger demand is considered mainly in the 
aggregate form. At the large hub airports handling also intercontinental flights and 
their passengers, the passenger demand is considered by diversifying it in terms of 
type and spatial/geographical scale. Consequently, in this case, the O-D and transit/ 
transfer national, continental, and intercontinental scheduled and charter passengers 
can be considered including the type of airlines they use. Table 5.1 gives an 


Table 5.1 Passengers, destinations, and airlines at the selected EU (European Union) airports in 
the year 2003 (van den Broek and Nabielek 2005; Janić 2009) 
































Airport Number 
Passengers (10°/year) Destinations Airlines 

Amsterdam Schiphol 39.808 245 88 
London Heathrow 63.207 190 89 
London Gatwick 29.893 241 80 
London Stansted 18,716 144 20 
Frankfurt Main 48.107 300 154 
Dusseldorf 14.172 225 75 
Hamburg 9.424 240 74 
Luxembourg 1.449 40 10 
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indication on the potential complexity of dealing with such disaggregated format of 
the airport passenger demand. 

This implies that the airport passengers demand at a given airport can be con- 
sidered regarding to the total number of passengers, destinations (routes), and 
airlines. Nevertheless, in any of the above-mentioned cases, the analysis and 
forecasting of the number of O-D passengers [scheduled and charter carried out by 
the conventional/legacy and/or LCC (Low-Cost Carriers)] are relevant for planning 
and design of the airport landside access modes and their systems. The number of 
transit/transfer passengers is not relevant since they stay all the time at the airport 
connecting between different incoming and outgoing flights. However, since the 
number of airport and other aviation employees representing demand for the airport 
landside access modes and their systems are closely correlated with the total 
number of passengers (O-D + transit/transfer) handled at the airport under given 
conditions, this total also needs to be analysed and forecasted. The numbers of 
airport and other aviation employees, senders, greeters, and visitors generally 
relates to the number of handled O-D passengers. 


5.2.2 Categories of Airport Passengers 


5.2.2.1 O-D (Origin-Destination) Passengers 


An origin-destination passenger is a passenger who begins (ends) his (her) air trip 
at given airport. At most airports, the O-D (Origin-Destination) passengers rep- 
resent the main portion of the total number of passengers handled during a given 
period of time (usually one year) (most often > 50%). The experience has shown 
that the number of handled O-D passengers has generally significantly contributed 
to the overall growth of particular airports, which has been characterized by: 
(i) central geographical location; (ii) large and affluent catchment area regarding 
GDP (Gross Domestic Product), population, employment, PCI (Per Capita Income); 
and (iii) financially stable large airlines and their alliances. In addition, these have 
been airfares offered by particular airlines (Janić 2009). 

An example is the regression equation in which the annual number of passengers 
handled at an airport (Q) per year has been considered as the dependent variable and 
the size and affluence of the airport catchment area in terms of (GDP) and the 
market share (MS) of dominant airline as the independent variables for 11 major 
European airports has been estimated as follows: О = 1.023 -GDP°*” . MS94U7. 
to = 3.015; 1 = 3.983; t; = 3.644; R? = 0.637; Е = 9.098; DW = 1.024; М = 11. 
As can be seen, the number of passengers at these airports increased at decreasing 
rate with increasing of the GDP of their catchment areas and the market share of the 
dominant airlines (Јапі 2009). In the given context, the smaller regional airports 
have benefited from LCC, which have particularly stimulated growth of the 
scheduled passenger traffic. In addition, some large airports in Europe and the USA 
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have been affected by developing LCC at least in three ways: (i) generating 
tremendous passenger numbers at particular smaller regional airports, which 
otherwise would be handled by the larger airports; (ii) affecting the market share of 
the large airport(s) in the multi-airport system(s); and (iii) affecting the incumbent 
airlines at their hub airports (Janić 2009). 

The specific category of O-D passengers has been charter (generally 
non-scheduled) passengers using chartered flights scheduled for the specific pur- 
poses. Usually, these flights are not listed in the airline public timetable(s). Tour 
operators and/or specialized airlines commonly provide the air transport services for 
a group of passengers, mostly tourists, travelling on an all-in basis. These services 
are not programmed and are rarely additionally accessible to the individuals. In 
Europe, the traditional charter transport markets between the northern European 
countries and Mediterranean basin including North Africa have sustained and even 
further expanded after deregulation of the EU air transport market. As well, the 
numbers of charter passengers at airports have a strong seasonal character. 
However, in cases when these numbers have been perceived as relatively stable and 
certain, the tour operators and (their) airlines have increased regularity of departure 
times of their flights (Janić 2009). 


5.2.2.2 Transfer and Transit Passengers 


A transfer passenger is a passenger who arrives at a given airport by one aircraft and 
departs from the same airport by some other aircraft without breaking its journey 
between given origin and destination. This category of passengers has particularly 
increased after many large airlines introduced the hub-and-spoke network opera- 
tions at their main hub airports. The hub-and-spoke network operations imply 
scheduling the “waves” of the incoming and the outgoing mutually connected 
flights at the given hub airport during the relatively short period of time. These 
"waves" have usually repetitive character during the day. Within a given wave, the 
passengers from the incoming flights transfer to the outgoing flights of the same 
airline or its alliance partners during the time of about half, one, or two hours. This 
time, called MCT (Minimum Connection Time), is standardized in dependence on 
the type and combination of the incoming and the outgoing flight(s) (Јапі 2009). 

A transit passenger is a passenger who arrives and departs from a given airport 
by the same aircraft/flight. Usually, these passengers stay on board the aircraft 
during its turnaround time, but only under circumstances when it is allowed due to 
the aircraft refuelling and/or other security reasons. Otherwise, they have to tem- 
porarily leave the aircraft. Data on the volumes of these passengers are usually 
available at the annual basis from the airport publicly accessible statistics (Janić 
2009). 
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5.2.3 Models for Analysing and Forecasting the Airport 
Passenger Demand 


5.2.3.1 Background 


Airports, aviation agencies, airlines, the air transport industry associations, and 
academics have dealt with analysis and forecasting of the airport passenger demand 
in order to alleviate, justify, and support the future planning and design programs. 
They have usually applied different models and methods based on the available 
input data, all according to the specified procedures, one of which is shown in 


Fig. 5.1 (Janić 2009). 


Analysis & forecasting 
airport passenger demand 


Analyzing the past and estimating 
the future number of: 

e Air transport movements atm); 

e Air passengers. 


Information (data) needed: 

* Region served by the airport (i.e. 
catchment area); 

» Demographic or population data on 
airport catchment area; 

* Economic characteristics of the area 
(GDP, Per Capita Income, Employment, 
Population, other business and tourist 
activities); 

• The air travel market area(s) 
(origins/destination of passengers, 
freight, mail, and their spatial 
distribution); 

» Trends on the activities of other 
(competing) transport modes in the 
area; 

» Characteristics of the nearby areas 
providing the air transport services. 














Methods for analysis & forecasting 
airport passenger demand 
* Time trend models; 
* Econometric models; 
* Scenario models; 
Market surveys; 


* Ratio model; 
* Expert judgement. 


Output from the airport demand 
analysis & forecasting models 


* The number and peaking characteristics of air 
passengers during the forecasting period; 

* The number and types of aircraft serving the 
forecasted air passenger demand; 

* Performances and operating characteristics 

of the airport access modes and their systems , 













Using the output 


Planning and design of: 
Airport airside area - runways, taxiways, aprons; 


Airport landside area - passenger terminals 
landside access modes and their systems. 


Fig. 5.1 Simplified scheme of the procedure for analysing and forecasting an airport passenger 


demand (Janić 2009) 
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5.2.3.2 Analytical Structure of Particular Models 


(a) Requirements and recommendations 


The experience so far has shown that the models of analysis and forecasting of the 
airport passenger demand should fulfil a range of requirements and recommenda- 
tions as follows: (TRB 2003; Јапіс 2009): 


() Both analysis and forecasting should be updatable periodically with the 
available data; 

(ii) Simplicity should always prevail against complexity; more sophisticated and 
complex models do not necessarily translate into more accurate results; 

(iii) Analysis and forecasting are the processes implying always crosscheck of the 
results using the different models and judgments; 

(iv) Changing the market dynamics may cause the models working well to lose 
their relevance and predictive power; and 

(v) A common sense story motivating the analyst should always be there. 


(b) Time-trend models 


In general, the time-trend models are the different types of two-variable curves 
where the dependent variable is the number of airport passengers and the inde- 
pendent variable is time. This implies that they represent the development of the 
airport passenger traffic/demand overtime (ICAO 2006). 

The analytical forms of the trend-time curves usually contain the dependent 
variable (Q) representing the annual number of passengers at a given airport, the 
explanatory variable (f) representing time (years), and the coefficients (a), (b), and 
(c), whose values are estimated from the past data. In general, four types of these 
curves can be as follows: 


() Linear (or straight line): 
Q=a+b-t (5.1) 


This implies a constant annual increment (b) in the number of airport pas- 
sengers, and a declining rate of its growth. 
(1) Exponential: 


Q=a-(1+b)' and logQ-loga-t-log(14- b) (5.2) 


The positive and less than one coefficient (b) implies that the number of 
airport passengers increases at a rate (100b). Taking logarithms converts the 
exponential to a linear model. 
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(iii) Parabolic: 
О=а+ь:і+с:Ё (5.3) 


This curve сап have different concave or convex shapes. If the coefficient 

(c) is greater than zero, the growth of the number of airport passengers per 

unit of time (yare) increases and the rate of growth decreases with time. 
(iv) Gompertz: 


Q=a-b“ and logQ=loga—c-t-logb, 0<с<1 (5.4) 


This curve can be used to model the cases when the number of airport 
passengers reaches the saturation (a) over the very long period of time. 
(v) Logistics: 


K 


O- Tb ew 


(5.5) 


where 


К 15 the absolute limit of the annual number of passengers, which an airport 
can handle. 


The general shape of some of the above-mentioned curves is shown in Fig. 5.2. 
Using the data for the specified past period on the number of passengers handled 
at given airport, one of the above-mentioned models can be calibrated, and then 
used for forecasting, i.e. estimation of these numbers in the (again specified) future 
period of time. The experience so far has shown that the linear models can be the 
most effectively used for the short-term, the exponential for the short- and 


Exponential; 
Parabolic 


Q - Airport passengers — number/year 





t- Time - years 


Fig. 5.2 General shapes of the different trend-time models/curves 
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medium-term, and logistic for the long-term forecasting of the airport passenger 
demand. 

Evidently, the time-trend models imply extrapolation of the past data into the 
future ones while assuming that the future development (growth) will continue to be 
uninterrupted and similar as in the recent past. Under such circumstances, the main 
disadvantage of these models has been not explicitly taking into account the 
influence of the demand external and internal driving forces. 

In general, the time-trend models based on the constant and variable growth rates 
have usually been used while considering the unconstrained growth of an airport 
passenger demand in the medium- to long-term future period of time. Figure 5.3 
shows some scenario-based forecasting of the annual number of passengers at three 
NY (New York) airports (USA). 

In addition, Table 5.2 gives the average growth rates during particular sub-periods 
of the observed past and future period of time (1990-2025) (FAA 2007). 

As can be seen, the growth of passenger numbers has differed at three airports. It 
has generally been the highest at JFK and the lowest at LaGuardia airport. As well, 
the average growth rates during particular sub-periods have been different at the 
same and across different airports. 
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Fig. 5.3 A scenario-based forecasting of the number of passengers at NYC (New York City) 
airports (USA) (FAA 2007) 





Table 5.2 Average growth Period 
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Fig. 5.4 Example of the long-term forecasting of passenger demand at London Heathrow airport 
(UK) (DfT 2013) 


However, overtime, many airports have been faced with increasing problem of 
generating substantive externalities such as noise, local air pollution, and land use 
in addition to unavailability to expand their landside and/or airside capacity. Such 
developments have raised the question of constraining future growth of these air- 
ports by setting up caps (quotas) on expansion of the available capacity and its 
utilization, and very often also on the particular externalities. These quotas would 
consequently constrain the growth of airport traffic within or just up to the pre- 
scribed (commonly future) quotas (caps). Figure 5.4 shows unconstrained and 
constrained long-term forecasts of the annual number of passengers at London 
Heathrow airport (UK). The constrained forecast has assumed the constrained 
runway system capacity of 480 thousands atm (air transport movements) per year 
during the observed period (2011—2050) (DfT 2013). 

As can be seen, the gap between two scenarios has been assumed to increase 
overtime and become the maximal at the end of the forecasted period of time 
(2050). 


(c) Econometric models 


The econometric models have been frequently used for analysis and forecasting of 
the airport passenger demand. They present the mathematical relationship between 
the overall and/or the segmented passenger demand and its main driving forces in 
the airport catchment area. These have generally been employment, GDP (Gross 
Domestic Product), PCI (Per Capita Income) and population, the average fare level 
or yield (the airline revenue per passenger kilometre), some transport service-related 
variables such as the travel distance, time, and capacity (flights, seats, etc.). Under 
such conditions, the analysis and forecasting of an airport passenger demand is 
carried out in several steps: (1) selecting the relevant demand-driving (independent) 
variables; (ii) choosing the type of causal relationship; (iii) collecting the time-series 
data on both independent and dependent variables (the latter is the corresponding 
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number of passengers); (iv) estimating the causal relationship by the least-square 
regression technique and assessing its quality; (v) if satisfactory, predicting the 
prospective values of the independent variables using the time-trend methods; and 
(vi) estimating the future numbers of airport passengers or the specified sub-periods 
(years) using the forecasted values of particular independent variables. The pro- 
cedure can be carried out for the airport aggregate passenger demand and/or for its 
particular segments as discussed above. 

Let (Л) and (j) be two mutually connected airports (regions) (j = 1, 2, 3, ..., N). 
In some cases, the airport (region) (j) may refer to the larger geographical 
(metropolitan) area with few "clustered" airports such as the above-mentioned NY 
(New York) airports. The model for estimating passenger demand between the 
airport (Л) and the airport (j) based on the regression technique may have the 
following form (Janić 2009): 


K 
Ом = ao: (СОР, · GDPj)^-(Yy Ly)" - Sp PRE + у be Dy (5.6) 
К=1 


where 


On; is the number of passengers in both directions between airports (Л) and 
(j) during a given period of time (passengers/year); 

GDP,, is the GDP (Gross Domestic Product) of the region (h) and the region (j), 
respectively, (10°$US); 


Ү,; is the average yield between the airports (Л) and the airport (j) (US$¢/ 
p-km or p-mi; p-km—passenger kilometre; p-mi—passenger mile); 

Lrj is the two-way shortest distance between the airports (h) and (j) (km; mi; 
mi—4umile); 

Thj is the total travel time between the airports (Л) and (j) (h; h—hour); 

Shj is the supply of transport capacity between the airports (h) and (j) (flights 
or seats/h, day, week, month, year); 

Pij is the competitive power of the airport (h) regarding the region-market 


(j) as compared to the competitive power of the other airports in the same 
and/or nearby region(s) [% of flight frequencies (seats) between the 
airport (Л) and the region (j) in the total number of frequencies (seats) 
between all competing airports and the region (/)]; 

Dy, is the dummy variable taking the value “1” if a disruptive event of type 
k has considerably affected the overall passenger demand and the value 
“0”, otherwise (the disruptive event is considered to be terrorism, 
epidemic diseases, regional wars, etc.); and 

а, by is the coefficient to be estimated by estimating the regression equation 
(1= 0, 1, 2, ..., 5 k = L 2, ..., К). 


The model in Eq. 5.6 implies that the above-mentioned main forces drive the 
passenger demand at the airport (Л). On the short- and medium-haul distances (Lj), 
the variables (Т), (Cj), and (Р,;) need to be modified in order to take into account 
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the eventual competition from the surface transport modes such as regional/con- 
ventional rail, HSR (High-Speed Rail), TRM (TransRapid Maglev), or HL 
(Hyperloop). 

The independent variables (GDP,,) and (GDP,) relate to the annual GDP of the 
corresponding regions/catchment areas of airports (h) and (j), respectively. Under 
conditions of the economic progress, these variables increase overtime and seem- 
ingly contribute positively to the growth of airport passenger demand, and vice 
versa. This implies the positive elasticity, i.e. the positive coefficient (a,). Under 
some circumstances, these variables can be combined or replaced with their 
"derivatives" such as PCI (Per Capita Income), population, employment, and/or 
trade, investments, tourism, and exchange of other services between the airport and 
the other regions. 

The variable (Y,;) (yield) relates to the weighted average yield of all airlines 
operating between the airports (Л) and (j) during a given period of time (usually, 
one year). Its product with the variable (L,;)—two-way travel distance—gives the 
average return airfare (AF;). In general, when the airfare as the “travel resistance 
factor" increases, the number of passengers will generally decrease, and vice versa, 
which at least in theory reflects the negative elasticity, i.e. the negative coefficient 
(a2). 

The variable (Т) expresses the flying time between the airports (Л) and (j) and 
eventually the schedule delay, i.e. the waiting time for the convenient departure at 
the airport (Л). The passenger demand tends to increase with decreasing of the 
distance, i.e. the shorter travel time implies the positive elasticity, i.e. the positive 
coefficient (a3). 

The variable (5) reflects the transport capacity usually expressed by the number 
of seats (flight frequency times the average aircraft size—seat capacity) or only by 
the flight frequency offered between the airports (Л) and (j) by all airlines. Since the 
supply of transport capacity (at a reasonable price) is intended not only to satisfy 
but also to stimulate demand, the latter is theoretically expected to rise with 
increasing of this capacity, and vice versa. This generally implies the positive 
elasticity, i.e. the positive coefficient (a4). 

The variable (P,j represents the competitive position (i.e. the competitive 
"power") of the airport (Л) in comparison to the other relatively close competing 
airports in the same or neighbouring regions all connected to the destination(s) (j). 
In general, the higher competitive power enables attracting a higher passenger 
demand thus implying the positive elasticity, i.e. positive coefficient (as). 

Dummy variable (D,) (k = 1, 2, 3,..., К) reflects impact of the various disruptive 
events on the airport passenger demand implying the negative elasticity, i.e. the 
negative coefficients (b4). 

The model in Eq. 5.6 also suggests that, theoretically, the passenger demand at 
the given airport (Л) will increase with increasing of the exogenous demand-driving 
forces (regional socio-economic factors) and the supply of transport capacity, and 
decrease with increasing of the factors of "travel resistance" such as the generalized 
travel cost consisting of the “door-to-door” out of pocket costs, in which the airfare 
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Table 5.3 Examples of application of the econometric models: the O-D passenger demand at 
Amsterdam Schiphol airport carried out by the conventional/legacy airlines (Period: 1992—2004) 
(Janić 2008) 
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dominates, and the cost of travel time. In addition, this demand will increase with 
strengthening of the airport competitive position (power). The model can be esti- 
mated using the time-series data for particular O-D markets (hj) (j = 1, ..., М) for 
the period of time of at least from 12 to 15 past years. Table 5.3 gives an example 
of application of the econometric model to estimating the O-D passenger demand 
carried out by the conventional/legacy airlines at Amsterdam Schiphol airport 
(Janic 2008). 

As expected, in the given case, the growth of O-D passenger traffic at the airport 
to/from three regions has been primarily driven by increasing of GDP at both sides 
of each market and generally decreasing airfares, both at decreasing rate. 

Specifically, in the EU markets, development of LCC (Low-Cost Carrier(s)) has 
affected the O-D passenger demand carried out by the full cost (legacy) airlines. In 
the North American markets, the airfares have appeared to be statistically 
insignificant including a dummy variable explaining the impacts of disruptive 
events on the airport demand. In the former case, the airfares of KLM/Northwest 
alliance have dominated in the market. In the latter case, seemingly the dummy 
variable could not catch up the impact of some disruptive events (e.g. the 11 
September 2001 terrorist attack on the USA). In addition, with appropriate selection 
of the above-mentioned independent variables as the demand-driving forces, the 
particular segments of the given airport passenger demand such as transfer, charter, 
and LCC can also be analysed and forecasted (TRB 2002; Janić 2008, 2009). 

After the econometric model(s) analyses and forecasts, the passenger demand in 
its O-D, charter, and LCC segment for all connections and airlines at the given 
airport (h), the total number of passengers expected to be handled in the year (n) of 
the future period of time can be estimated based on Eq. 5.6 as follows: 
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J(n) 
On(n) = 5 / Quin) (57) 


where 


Q,,(n) is the number of passengers between airports (h) and (j) in both directions 
in the future sub-period of time (n) (passengers/year); and 

J(n) is the number of airports/regions the airport (Л) is connected to in the future 
sub-period of time (л). 


The other symbols area analogous to those in the previous equations. 
(d) Scenario-based models 


The scenario-based models are usually used to demonstrate the assumed variations 
of the future conditions influencing the airport either aggregated or disaggregated 
passenger demand. For example, particular variables in the econometric models 
could be assigned a range of the future values based on the scenarios of developing 
the demand-driving forces rather than on their exact values. The disadvantage of 
this method is that the range between the high and the low values of particular 
variables can sometimes be so large to cause the forecast to lose its practical value. 
Figure 5.5 shows an example of the scenario-based long-term forecasting of the 
number of airport passengers at the UK airport system during the period 2011— 
2050. The airside and landside capacity of airports has been assumed unconstrained 
(DfT 2013). 

As can be seen, three low, central, and high long-term scenarios have been 
considered with the average rate of passenger growth of 1, 2, and 3%, respectively, 
during the period 2011—2050. These rates have been lower than that of 4% in the 
previous period 1990—2010. As such, they created increasing differences between 
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Fig. 5.5 Example of the scenario-based forecasts of the UK airport passengers under 
unconstrained airside and landside capacity (DfT 2013) 
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the low and high scenario during the observed future period of time. In the year 
2050, this difference would be almost doubled in favour of high scenario (310 
millions passengers/year) (DfT 2013). Again, the question is which are the relevant 
numbers for the long-term planning of the airport system capacities aiming to 
handle passenger demand efficiently and effectively under given conditions. 


(e) Market surveys 


The market surveys are based on the collection of information about the passenger 
and freight behavioural pattern—origins and destinations, airport choice in the 
metropolitan area, choice of the airport ground access mode, trip purpose, and other 
factors useful for predicting the future behaviour and consequently the passenger 
demand. The main disadvantage of this method is complexity, time consuming, and 
expensiveness of collecting the relevant data. In addition, since the data are col- 
lected for the relatively short period of time, they may not be so reflective for the 
longer-term planning purposes. 


e Ratio models 


The ratio models usually imply the ratio between the passenger demand at a given 
airport and the total national demand. The main disadvantage of this method relates 
to conditions of its application—the lack of resources and expertise for using some 
other more sophisticated methods. 


e Expert judgement 


The expert judgment represents a component of almost all forecasting methods. In 
this method, the assumptions on the future development and the values of particular 
variables are simply the matter of the informal judgment. For example, Delphi 
method is often used for attaining consensus on the judgments from different 
experts about the values of particular variables relevant for the future airport de- 
mand forecasting. In addition, the judgment is also used for the selection of a 
method, years to be used as a base, analytical form of the model, and data sources 
(TRB 2002). 

In general, the above-mentioned methods for analysis and forecasting of the 
airport passenger demand represent the attempts of diminishing complexity of the 
large real systems by simplified analytical equations describing the most relevant 
interactions. In such context, many factors are often dropped-off due to complexity 
of their analytical formalization, unnecessary increasing of the methods' com- 
plexity, lack of relevant data, and lack of the sufficient expertise on the potential 
influences. Since these methods assume that the future will very much look like as 
the past, their products—analyses (and forecasts) of the airport passenger demand 
—are highly influenced by the underlying assumptions about the current and future 
development of the main external and internal demand-driving forces (TRB 2002). 
In the following text, the time-trend and the econometric methods are particularly 
elaborated. 
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5.2.3.3 The O-D Passenger Demand as the Planning and Design 
Parameter 


The above-mentioned analysed and forecasted annual numbers of passengers by 
one or few of the above-mentioned models can generally be used for planning and 
design of the airport airside and landside area infrastructure, facilities, and equip- 
ment. In particular, the annual numbers of O-D passengers have shown particularly 
relevant for planning and design of the airport access modes and their systems. For 
such a purpose, these annual numbers should be converted into the appropriate 
planning and design parameters using different methodologies translating them into 
the hourly peak O-D passenger demand. Two methodologies have been most 
frequently considered: PH (Peak Hour) activity, and SA (Scenario Approach). In 
particular, PH (Peak Hour) activity implies estimating the number of O-D pas- 
sengers handled at the airport during a peak hour. For such a purpose, the number 
O-D passengers is estimated for the selected future planning and design year which 
can be 5th, 10th, or in the case of airport master planning 20th one (FAA 2007). 
Once this design year is selected with the corresponding forecasted number of O-D 
passengers, the corresponding PH volumes can be estimated by estimating PM 
(Peak Month), ADPM (Average Day of Peak Month), and finally PH (or the 
average day of PM (FAA 1988; Horonjeff and McKelvey 1994; Janić 2009). From 
the total number of O-D passengers in the (n)th future year of the observed period 
can be estimated as follows: 


Оо-р/п = (1 — Pujn) “On (5.8) 


where 


Qo-p;, is the airport O-D passenger demand in the (n)th future year of the 
observed period; 


Q, is the total airport passenger demand in the (7)th year of the observed 
period; and 
Pun is the proportion of transfer/transit passengers in the (п) future year of 


the observed period. 


The O-D passenger demand in PM, of the ()th future year of the observed 
period can be estimated as follows: 


Qo- pj, (PM,) = Pin: Qo-p/n (5.9) 


where 


Pin is the proportion of the annual O-D passenger demand concentrated in the 
peak month of the (r)th future year of the observed period. 


The other symbols are analogous to those in the previous equations. The number 
of O-D passengers in ADPM,, can be estimated as follows: 
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Qo- pj (AD,; PMn) = Qo pj, (PM,) /N, = (Pin ` Qo-p/n)/Nn (5.10) 


where 
N, is the number of days in PM of the (n)th future year of the observed period. 


Based on Eq. 5.7, the number of O-D passengers during PH (Peak Hour) of an 
АРРМ, can be determined as follows: 


Qo. pj, (PH;) = fin ` Qo-p/n(ADPM, ) (5.11) 


where 


fin 15 the factor of PH or the relevant peak period of the ADPM, of the (7)th future 
year of the observed period 


The factor (fin) in Eq. 5.11 can be estimated by using different methods. Some 
past estimates indicate that it amounted to about 12-2096 of Q,(o p( ADPM,) 
(FAA 1988). Another rather qualitative method has included obtaining the relevant 
information from airlines about their schedules over the past few months and 
prospective future plans. Figure 5.6 shows an example of the dependence of the 
peak-hour percentages of O-D passenger demand and the total annual number of 
airport passengers (FAA 1988; Janić 2009). 

As can be seen, the factor (fin) decreases more than proportionally with 
increasing of the number of airport passengers, the fact, which has also been 
confirmed empirically. This is mainly because of tendency of the larger numbers of 
passengers to spread out over the longer periods during the day. In addition, the 
number of peaks during the day can be different. At small airports, these are usually 
the morning and the afternoon-evening peak. At the larger hub airports, several 
peaks during the day can take place. 
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Fig. 5.6 Example of share of PH (Peak Hour) in the total annual number of passengers at given 
airports (FAA 1988; Janić 2009) 
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5.2.4 Models for Estimating Demand by the Airport 
and Other Aviation Employees 


The airport and other aviation employees also use the airport landside access modes 
and their systems in addition to the above-mentioned O-D passengers. These 
directly engaged provide a range airline and aircraft ground handling, airport and 
АТС (Air Traffic Control), food & beverage, security and passenger screening, 
maintenance, repair, and operations, retail and other in-terminal, customs, immi- 
gration and other government, and landside accessibility services. Their number has 
been estimated mainly empirically in correlation with the annual number of pas- 
sengers handled at the airport. The general correlation form for a single airport 
overtime or across different airports in the same or different countries during the 
specified year has been as follows: 





EM(Q) =а-О+Ь (5.12) 


where 
a,b are the coefficients of the regression equation; and 
Q is the total number of passengers handled at given airport (passengers/yr 
(yr—year). 
Figure 5.7 shows examples of such relationship for the Amsterdam Schiphol 
airport (The Netherlands) and 30 largest US airports. 
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Fig. 5.7 Examples of the relationships between the number of direct employees and the annual 
number of passengers handled (Јапіё 2009) 
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Fig. 5.8 Relationship between the number of direct employees and the number of passengers 
handled at airports in the European countries (Period: 2013) (InterVISTAS 2015) 


As can be seen, in both above-mentioned cases the number of employees has 
been generally linearly increasing with increasing of the annual number of handled 
passengers. The average number of employees at US airports was 901 per 1 million 
passengers handled. At Amsterdam Schiphol airport, it has been 1382 per 1 million 
passengers handled. In addition, Fig. 5.8 shows the relationship between the 
number of direct employees and the annual number of passengers handled at air- 
ports in 27 European countries. 

As can be seen, the number of direct employees by European airports increased 
linearly with increasing of the number of handled passengers with an average of 
934 employees per 1 million of passengers handled. 

Then, the demand for airport landside access modes and their systems by the 
airport and aviation employees during PH (Peak Hour) in ће (7)th year ahead from 
the beginning of the observed period can be estimated as follows: 


EM,(PH,) = EM,,(Qn)/(fon · WSn) (5.13) 


where 


EM,(PH,) is the number of airport and aviation employees during PH (Peak Hour) 
in the (r)th future year of the observed period; 
EM,(Q,) is the number of employees in the (л) future year of the observed 


period; 

fon is the number of PHs [Peak Hour (s)] per working shift of the airport 
and aviation employees in the (л)їһ future year of the observed period; 
and 

WS, is the number of daily working shifts in the (r)th future year of the 


observed period. 
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5.2.5 Models for Estimating Demand by the Airport 
Senders, Greeters, and Visitors 


The senders, greeters, and visitors have assumed to accompany mainly O-D pas- 
sengers. Their number in ће (n)th year ahead from the beginning of the observed 
period can be estimated as follows: 


SGV, (PH, ) = Psgv/n ' Qo. pj, (PH) (5.14) 


Psgvm 18 the proportion of visitors, senders, and greeters as the share of the number 
of O-D passengers during PH (Peak Hour) of the period of the (n)th year of 
the observed period (> 1.0). 


The other symbols are analogous to those in the previous equations. 


5.2.6 The Passenger Demand for Planning and Design 
of the Airport Access Modes and Their Systems 


The total number of passengers representing the demand relevant for planning and 
design of the airport access modes and their systems can be estimated based on 
Eqs. 5.11, 5.13, and 5.14 as the sum of the peak-hour O-D passengers, airport and 
aviation employees, and visitors, senders, and greeters, as follows: 


Q,(PH,) = Qo-D/n (PH,) + EM, (PH,) + SVG,(PH,) (5.15) 


where all symbols are analogous to those in the previous equations. 


5.3 Modelling Performances of the Road-Based Mode 
and Its Systems 


5.3.1 Car and Van System 


5.3.11 General 


Performances of the road-based airport landside modes and their systems are cat- 
egorized as infrastructural, technical/technological, operational, economic, envi- 
ronmental, and social. Their modelling implies developing the analytical formulas 
for quantifying their indicators as quantitative measures. 
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5.3.1.2. Infrastructural Performances 


The infrastructural performances of the car and van system include: (a) capacity of 
lanes, streets, roads, and highways they use in urban and suburban districts on their 
way to/from airports; and (b) capacity of parking spaces near the airport passenger 
terminal complex. 


(a) Capacity of lanes, roads, and highways 


The capacity of a given airport access road or highway is defined by the maximum 
number of vehicles—cars/taxis, which can pass through a given “counting reference 
location" during a given period of time (e.g., one hour) under given traffic condi- 
tions and constant demand for service. This definition indicates that this is actually 
the “ultimate” capacity, which for a given road or highway lane can be estimated as 
follows (TRB 2000): 


шщ = 3600/(Ip/v) = 3600 - v/lp = 3600 - v/(L, + sa) (5.16) 


where 


v is the average speed of the saturated vehicle flow (m/s); 

is the average spacing between the two closest neighbouring vehicles measured 

by the distance from the front of the leading vehicle to the front of the 

following vehicle (m); 

L, is the average length of a vehicle in a given traffic flow (m); and 

Sq is the vehicle's stopping distance at the speed v including the driver's reaction 
time, breaking distance, and a factor of safety (m) (sg = v//2a , where а is 
deceleration rate (m/s?) (m—metre; s—second). 


Figure 5.9 shows an example of the relationship between the lane capacity and 
average speed of vehicle flow (Teodorović and Janić 2016; TRB 2000). 

As can be seen, this capacity increases in proportion with increasing of the speed 
of traffic flow. For planning purposes, the capacity of a road lane is frequently taken 
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Fig. 5.9 Relationship between the capacity of the road/highway lane and the average speed of 
flow (Teodorović and Janić 2016; TRB 2000) 
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to be 2000-2200 veh/h/lane, which is achieved at the traffic flow speed of about: 
y = 48—56 km/h and the uniform headways between the closest vehicles in the flow 
of: sq = 22—25 m or зу = 1.44— 1.80 s. This capacity is often called “ideal ulti- 
mate" capacity. 

Nevertheless, for the practical application, this (ideal) capacity is usually mod- 
ified by considering the prevailing conditions along a given lane in terms of factors 
such as: the shoulder width, the incidence of commercial vehicles (buses and heavy 
trucks), the lane's gradient, the sight distance, and the other factors peculiar to the 
type of roadway. Consequently, this modified “ultimate” capacity of the road and/or 
highway with (n) lanes can be estimated as: 


ш = (2000 — 2200) -n -w ` fiv «fo fa (5.17) 


where 


n is the number of road lanes in one direction; 

w is the capacity adjustment factor for the width of lane and shoulder (i.e. the 
lateral clearance); 

fay is the heavy vehicle factor influencing the ideal capacity; 

fp is the adjustment factor for unfamiliar driver populations; 

fw 18 the factor of weather (in case of rain, it can be 0.85). 


The heavy vehicle adjustment factor (trucks, intercity buses, public transit buses, 
school buses, self-contained motor homes, small trucks with trailers for boats, and 
terrain vehicles) is computed as follows: 


1 


Hu S T, (5.18) 


Sav 





where 


Pt is the proportion of trucks and buses in the traffic flow; 

P: is the proportion of recreational vehicles in the traffic flow; 

е, is PCE (Passenger Car Equivalent) for trucks and buses in traffic flow; and 
e, is PCE for recreational vehicles in traffic flow. 


Some values of PCE are given in Table 5.4. 





Table 5.4 Some PCE 
equivalents (Teodorovié and 





Vehicle category 














Janié 2016) Passenger car 1.0 
Truck 1.5 
Heavy truck 2.3 
Bus 2.0 
Motor cycle 0.4 





Bicycle 0.2 
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An example of using Eqs. 5.16 and 5.17 can be estimating the capacity the 
Lincoln Tunnel built under the Hudson River, connecting Weehawken, New Jersey 
(NYC—New York City, USA). The tunnel consists of three tubes with six traffic 
lanes in total—two in each tube in the same direction. The tubes are of different 
length, but the average tube length is: L 2 2.41 km with the average roadway in 
each of them of: W = 6.71 m. The tunnel is used by cars, buses, and trucks. They 
all are assumed to pay the tool by E-ZPass (Electronic toll collection system). The 
average proportion of buses and truck is: p, = 21% and that of cars 79%. If a car is 
assumed to be of length of the average length of: /, = 4.80 m and bus/truck of 
about: lpn = 12.2 m, the average vehicle length has been: Ly = 0.79 · |, + 0.21 - 
1л = 0.79 - 4.80 + 0.21 - 12.2 ~ 6.35 m. The average distance between vehicles 
in the free flow has assumed to be: sg = 22 m. The free flow speed is assumed to 
be: v 2 48 km/h. From Eq. 5.16, the "ultimate" capacity of a single line of 
the tunnel is estimated to be as follows: щ = 3600 - v/(L, + sq) = 3600. 
[((48/3.6)/(6.35 + 22)] ~ 1693 (veh/h). In addition, PCE for cars is equal to: 
es = 1.0. For buses and trucks, this is estimated as an average of the corresponding 
values in Table 5.4 and the above-mentioned proportion in the vehicle mix, as: 
е, © 2.7. The proportion of recreational vehicles and their PCE are assumed to be 
zero due to their non-presence there, particularly during peak hours, i.e. p, = 0, and 
e, = 0. Consequently, the heavy vehicle adjustment factor (һу) is estimated to be: 
fo = ШП +p (a — 1) +p, - (е — 1] = 1/[1 +0.21 -(2.7-1)+0-(0- 1] e 
0.737. Because the users of the tunnel are mainly daily commuters, they can be 
assumed to be familiar with the driving conditions implying the factor: f; = 1.00. 
Since the driving is inside the tunnel, the weather is not assumed to affects drives 
implying the factor: fw = 1.00. Finally, the width of roadways in the tunnel enables 
adopting the factor: w = 1.00. By using Eq. 5.17, the capacity of the tunnel’s single 
lane (n=1) is estimated as follows: щ = 2200-n-w-fi-fo-fv = 
2200-1-1-0.737- 1 - 1 1621 (veh/h). The design capacity of the tunnel's 
single line has been 1500-1600 (veh/h) (PANYNJ 2009). 

In general, the “ultimate” capacity of a road lane(s) reflects the supply capability 
of the facility to serve all kinds of vehicles (cars, vans, and buses) including those 
moving between a given airport and its catchment area. In many cases, the actual 
traffic flow close to the lane capacity causes congestion and delays and thus 
compromise the expected quality of service in terms of time of all users including 
the air passengers, airport and aviation employees, and visitors, senders, and 
greeters. 





(b) Capacity of car parking space near an airport passenger terminal complex 


The capacity of parking space near an airport passenger terminal complex can be 
defined as the maximum number of vehicles/cars and vans, which can be handled at 
the given number of places given the average parking time per vehicle. In some 
sense, this implies that this is the “ultimate” capacity of parking space. This can be 
initially estimated by Little's formula from queuing theory as follows (Little 1961): 
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My = Му/ть (5.19) 


where 


Ny is the number of available parking places; and 
t, is the average occupancy time of a parking place by a car or van vehicle (min 
or h/place). 


р 


In addition, ће required number of parking places can be estimated as follows: 
Np = Ap * tp (5.20) 


where 


Ap is the average intensity of demand for using parking places during a given 
period of time (veh/h). 


The other symbols are analogous to those in the previous equations. 


5.3.1.3 Technical/Technological Performances 


These have been elaborated earlier in Chap. 3. 


5.3.1.4 Operational Performances 


The operational performances of the car and van system in the given context are 
represented by the indicators and elements of the relevant methods/theories such as: 
(a) travel distance and time of a taxi picking up a user/air passenger in an urban 
district; (b) elements of traffic flow theory; (c) elements of queueing system theory; 
(d) transportation work; and (e) technical productivity or productive capacity. These 
are elaborated by considering a taxi service between a city centre (i.e. CBD) and an 
airport, and/or vice versa. In particular, the travel time of a taxi between its current 
location in CDB and location where it picks up a user/air passenger, and further to 
the airport terminal complex, is influenced by the traffic conditions along the entire 
door-to-door route. These conditions are addressed through the elements of the 
traffic flow theory and queuing theory. 


(a) Travel distance and travel time of a taxi picking up a user/air passenger in an 
urban district 


(i) Averages 


The distance and time, which a taxi takes from its current location to the location of 
a uset/air passenger called it to be transported directly to the airport or to the bus or 
rail station from where he/she can continue towards the airport by bus or one of the 
rail-based systems, can estimated under several assumptions (Larson and Odoni 
2007): 
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e Both taxi and user/air passengers are located in a “fairly compact and fairly 
convex” urban (CDB) or suburban district. This implies that in two-dimensional 
space, one dimension (i.e. length) of the given district is not much greater than 
the other (i.e. width). In addition, the major barriers do not exist there. 

The shape of the area can be any—circular, square, rectangular, triangle, etc. 
The locations of a user/air passenger and taxi vehicle at the moment of call are 
independent and uniformly distributed over the given district, i.e. the taxi’s 
response area; and 


Figure 5.10 shows a scheme of a district with the rectangular shape. In this case, 
a taxi can follow “Euclidean” or “right-angle” travel distance. The former implies 
moving along the shortest straight line between two locations. The latter implies 
moving parallel to the sides of the rectangle as shown in Fig. 5.10. 

The sides of the district are (Xp, Yo). The taxi is located at (Х|, Y,) and the user/ 
air passenger at (Х|, Yı). The Euclidean travel distance (D) between them can be 
estimated as follows (Larson and Odoni 2007): 





p= (а) any (5.21) 


The “right-angle” travel distance (D) between Һе taxi and its user/air passenger 
can be estimated as follows: 


D = |X, — X%|+ |i — Y; (5.22) 


Towards the 
bus/rail station 
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Fig. 5.10 Urban or suburban district of the rectangular shape (Larson and Odoni 2007) 
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The average travel distance (E(D)) and its variance if the response unit/taxi 
follows the “right-angle” travel distance can be approximated as follows: 


E(D) = 1/3[Xo+Yo] and o? = 1/18[X? Y] (5.23) 


The expected taxi travel distance is minimal if the sides of rectangle urban 
district are equal, i.e. if it is of the square shape. In such case, this area of a district is 
equal as follows: 


Ao = Хо: Yo (5.24) 


From Eq. 5.24, the sides of square district are: 


Xo = Yo = VAo (5.25) 


Based on Eq. 5.25, the expected travel distance (E(D)) of a response unit/taxi in 
the given case is estimated as follows: 


E(D) = 2/3 /Ao (5.26) 


If the effective travel speeds (v,) and (v,) in the x-direction and the y-direction, 
respectively, are independent of travel distance, the expected travel time (E(T)) can 
be estimated as follows (Larson and Odoni 2007): 


Ао 


Vy t Vy 


E(T) = 2/3 





(5.27) 


For the urban districts of different shapes, the expected travel distance (E(D)) 
between the responsive unit/taxi and a user/air passenger requesting service can be 
expressed as: 


E(D) = c / Ao (5.28) 


where 


Ao is the area of a given urban district (km?); and 
c is a constant, which depends only on the metric in use and on the assumption 
regarding the location of responsive unit/taxi in the given urban district. 


The constant (c) can be 0.52 for the Euclidean and 0.67 for the right-angle travel 
distance, respectively, if the response unit/taxi is positioned randomly in a given 
urban district. It is 0.38 for the Euclidean and 0.50 for the right-angle travel distance 
if the response unit/taxi is located in the centre of a given urban district (Larson and 
Odoni 2007). Based on Eq. 5.28, when the effective travel speed is independent on 
the distance, the expected travel time (E(T)) can be estimated as: 
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gr) =") _° a (5.29) 


In addition, more realistic travel distance can also be estimated. Equivalently, it 
can be said that (E(D)) and (E(T)) can be considered proportional to the inverse of 
the square root of the density of response units/taxis in a given district. This is 
relevant for districts served by more than one response unit/taxi. That is, if a district 
or area (Ао) is divided into (№) approximately equal convex and compact 
sub-districts, each served by a single response unit/taxi, then the average travel 
distance of such unit/taxi can be estimated as follows (Larson and Odoni 2007): 


A 
E(D) =c\/— = 


CERT (5.30) 


where 


y is the spatial density of service/responsive units, in this case taxis in a given 
urban district (units/km?). 


The response unit/taxi accelerates and decelerates one or few times along the 
distance (E(D)). When this distance and acceleration/deceleration rates enable the 
taxi also to partially operate at the cruising speed, the average travel time E 
(T) based on Eq. 5.30 can be estimated as follows (Larson and Odoni 2007): 


E(T) = E(D)/v. + K - (ve/a) (5.31) 


where 


а is acceleration/deceleration rate of a response unit/taxi (km/mir?); 

ус is the average speed of a taxi throughout a given urban district (km/h); and 

K is the number of accelerations/decelerations of a response unit/taxi along the 
distance E(D). 


The cruising speed (у) in Eq. 5.31 can be dependent on traffic conditions along 
the travel distance (E(D)) (see below). 

In addition, if the response units/taxis are distributed randomly in a relatively 
large urban region/district according to the two-dimensional spatial Poisson pro- 
cess. The parameter (S) denotes a region/district and (X(S)) as the random variable 
the number of response units/taxis serving (5). The probability distribution of the 
random variable (X(S)) is as follows (Larson and Odoni 2007): 


^4 k, —yA(S) 
P[x(S) =k] = _ e for A(S)>0; k=0,1,2,...N (5.32) 
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where 


y is the intensity parameter of the Poisson process (units/km?); and 
A(S) is the area or a region/district considered (km?). 


As mentioned above, the area (A(S)) could be of the rectangular, square, circle, 
and other shape. 


(п) Distribution 


Let us assume that the response units/taxis are distributed in a relatively 
large-circled urban (CDB) or suburban region/district according to two-dimensional 
Poisson process with the intensity (у) (units/km?). The radius of the circle is (r) as 
shown in Fig. 5.11. 

The user/air passenger is located in the centre of the circle and the nearest 
response unit/taxi is assumed to take him/her along Euclidean travel distance. This 
is sometimes known as the “nearest-neighbour” problem. Then, the average travel 
distance and its variance are estimated as follows (Larson and Odoni 2007): 


1 [Ay 1 [mr 
E(D) 2-4 = = 1/2 /1/y and 
(D) 2VN 2\ yrr /2v1/y an (5.33) 


02 = (2—2/2)- (=) = 0.0684 - (1/7) 


2yr 





In addition, let a user/air passenger is located in the centre of the square region/ 
district of the diagonal of (2r) rotated for 45° with respect їо X-Y axes of the 
coordinating system as shown in Fig. 5.12. 
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Fig. 5.12 Scheme of the 
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In this case, the travel distance is “right-angle” instead of Euclidean one. The 
area of the square is: A(S) = 222. If the nearest response unit/taxi operates along the 
"right-angle" distance, the average travel distance and its variance are estimated as 
follows (Larson and Odoni 2007): 


E(D) = as and o2 = (2 — n/2) - (1/4y) = 0.108 - (1/y) (5.34) 


where all symbols are analogous to those in the previous equations. 
(iii) Effects of busy response units/taxis 


In given urban district/area served by taxis, some of them can already be busy at 
moment when an individual user/air passenger calls for service. If (N) vehicles 
serve the district/area, the number of busy ones will be (p - №) and the number of 
free ones: N - p: Nz(1—p)- № (р < 1); p is the average utilization factor of 
vehicles/taxis). Based on Eqs. 5.30 and 5.31, the average distance and time, 
respectively, between the response units/taxis and a user/air passenger can be 
estimated as follows (Larson and Odoni 2007): 


| Ao | A 
E(D) = с. Тш ж-ш (5.35а) 
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апа 





Е(Т) = [бш 5; * la (5.35b) 


where 


E(N) is the average number of available response units/taxis in a given urban 
district. 


The other symbols are analogous to those in Eqs. 5.30 and 5.31. 

Figure 5.13 shows an example of the relationship between the average travel 
distance and the number of taxis and size of the squared urban district they serve. 

As can be seen, the average travel distance decreases more than proportionally 
with increasing of the number of taxis serving in the squared area of the given size. 
It increases with increasing of the size of the served area by the given number of 
taxis. In all cases, the vehicles/taxies operate along the “right-angle” distances. In 
addition, Fig. 5.14 shows the relationship between the waiting time for a taxi and 
proportion of busy taxis serving a given square area. 

As expected, the waiting time for taxi after making a call will increase more than 
proportionally if the proportion of busy taxis operating in the given urban district 
along the “right-angle” distances increases. The above-mentioned theoretical 
approach has also been applied to the case of NYC (New York City) taxi system 
(USA). For example, the total number of Medallion taxis in 2015 and 2016 op- 
erating in NYC (New York City) was 13587. They were assumed to be uniformly 
distributed in each of five NY (New York) regions (boroughs) and after being called 
strictly following the “right-angle” distance between their and users/air passengers 
locations. This implies that the factor: c = 0.67. The number of taxis was allocated 
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Fig. 5.13 Relationship between the average travel distance, the number of response units/taxis, 
and the size of the square urban district 


276 5 Modelling Performances of the Airport Access Modes ... 


25 








N=5 
Ao = 50km? 

vc 7 63 km/h 
20 Ha 2 0.772 km/h? 





с= 0.67 





























Е(Т) - Average waiting time - min 





0 0.2 0.4 0.6 0.8 1 
р - Proportion of busy taxis 


Fig. 5.14 Relationship between the average waiting time after the call and the proportion of busy 
taxis serving a given urban district 


to particular regions (boroughs) in proportion to the expected (and satisfied) total 
demand there and that at three airports (LaGuardia, John F. Kennedy, and Newark). 
By applying Eqs. 5.30 and 5.31 to the appropriate data, the average travel distance 
and travel time of a given taxi to pick up their users/air passengers have been 
estimated and given in Table 5.5. 

It can be seen that the greatest number of Medallion taxis operated in the 
smallest Manhattan region/borough. This enabled the shortest average distance and 
time between the taxi and its user/air passenger location(s). In other regions/ 
boroughs provided by medallion taxi services, both distance and time increased 
with increasing of size of the area and decreasing of the number of allocated 
vehicles (TLC 2016). 


Table 5.5 An example of estimating the average travel distance and time of medallion taxis in 
NYC (New York City) (TLC 2016) 




















Region Area Satisfied demand Number of Average Average time 

(borough) | A (km?) | (Taxi Pick-ups) (%) | vehicles № distance E E(T) (min) 
Сс) (D) (km) 

Manhattan 92 12,500 0.23 1.58 

Bronx 0 0 0 0 

Brooklyn 6 815 1.57 2.85 

Queens 2 272 3.38 4.58 

Staten 0 0 0 0 

Island 

New York | 781.1 100.0 13,587 - - 

City 














“4% of the total number of (N) vehicles are allocated to the users/air passengers and the airport and 
aviation employees, i.e. p = 0.96 

PBased on the average cruising speed of 63 km/h and acceleration/deceleration rate of 0.772 km/h? 
(Larson and Odoni 2007) 
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(iv) Total door-to-door travel time 


The total travel time of an air passenger or airport/aviation employee by a taxi from 
his/her location in a given urban (CBD) or suburban district to the airport, or vice 
versa, i.e. door-to-door in the single direction, can be estimated, based on 
Eqs. 5.35a, 5.35b as follows: 


t = Е(Т)- (=) \ HJ: (=) +h (5.36) 


E(T) is the average waiting time for a taxi at the user/customer/air passenger 
location (min); 

L is the distance between the user/customer location and the entrance of airport 
passenger terminal complex (km); 

Vf is the free flow speed along the distance (L) (km/h); 

J is the factor reflecting variability of capacity, i.e. service time of vehicles 
(0.01 < J < 1.0); 

q, u is the traffic flow and corresponding capacity, respectively, of the road/lane 
connecting given urban district and airport (veh/h); and 





where 


fi is the other time loses during travelling between the user/air passenger 
location and the airport (e.g. traffic lights, unpredictable congestion, etc.) 
(min). 


The factor (J) depends on the parameter (k) of the service time, i.e. capacity of a 
given road or a highway as follows: (J = (k+ 1)/2k, k = 1,2,3...) (Manheim 
1979). If it increases, the variance of service time, i.e. capacity decreases, the times 
become more certain, and consequently, the average delay(s) decreases. In addition, 
the US FHWA (Federal Highway Administration) has recommended the following 
expression for the congestion-modified travel time: 


ta = E(T) + (=) [1 +0.15- (q/u)^ (5.37) 


where all symbols are analogous to those in the previous equations. 
(b) Elements of traffic flow theory 


In general, the road traffic is characterized and as such described and modelled by 
four indicators or measures: flow, speed, density, and occupancy as given in 
Table 5.6 (Daganzo 1997; Teodorović and Janić 2016; TRB 2000). 
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Table 5.6 The main indicators of road traffic flow 

















Indicator/parameter Definition Dimension 

* Flow * Vehicles per unit of time veh/h 

* Speed * Distance per unit of time km/h 

* Density * Vehicles per unit of distance veh/km 

* Occupancy * Proportion of time, the specific point of lane % of time 
is occupied by vehicles 


(i) Flow 


The flow of vehicles along the given road lane can be expressed as follows: 
q(T) = N(T)/T (5.38) 


where 


q is the vehicle flow (veh/h) (veh—vehicle); 
N(T) is the total number of vehicles counted during the time period (T); and 
T is the time period the vehicles are counted (h; h—hour). 


The time period (7) is the sum of headways. A headway is the time interval 
between passing of the successive vehicles through the vehicle counting (i.e. 
"reference") location along the road lane. Then, the time (T) can be expressed as 
follows: 


T-Mh (5.39) 


From Eqs. 5.39 and 5.40, the flow of vehicles can be expressed as follows: 


у EUR. a. T. m (5.40) 


N(T N(T 
ES | hj xi A hi 





where all symbols are as in the previous equations. 
(1) Speed 


The speed of traffic flow can be the time-mean speed and space-mean speed. The 
time-mean speed can be expressed as follows: 


e The time-mean speed: 


EY vi (5.41a) 
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e The space-mean speed: 


1 
s = —— m - ft (5.41b) 
: N(T 
NOD) зз, f 


xl 


where 


1 is the observed section of the road and/or highway lane (m; km). 


The time mean speed is an average of the speeds of the counted vehicles during 
the period of time (Т). The space-mean speed is the ratio between the length of the 
observed section of the road lane and the average headway between counted 
vehicles during the period of time (7). 


(ii) Density 


The vehicle density is estimated as the ratio between the number of counted 
vehicles during the period of time (Т) and the length of the observed section of the 
road lane as follows: 


к= N(T)/I (5.42) 


where all symbols are analogous to those in the previous equations. 
(iv) Occupancy 


The occupancy is measured as the proportion of time (T) when the point along the 
line or its observed segment is occupied by passing vehicles (%T). 


(v) Basic relationships between particular indicators of traffic flow 


In general, the basic relationships between particular indicators of traffic flow are: 
speed density, flow density, and speed flow. In addition, the phenomenon of shock 
wave is also considered. 


e Speed-density relationship 


A simplified scheme of the speed-density relationship is shown in Fig. 5.15. 
According to the Greenshields’ model, the above-mentioned flow speed and 
density are interrelated as follows (Greenshields 1935): 


у= и: (1— k/k) (5.43) 


where 


Vp is the flow free speed (km/h); and 
К, kj is the flow density and jam density (veh/km). 


As can be seen, with increasing density the flow speed decreases and drops to 
Zero at the jam density. 
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Fig. 5.15 Speed-density relationship of traffic flow 


e Flow-density relationship 


A simplified scheme of the flow-density relationship is shown in Fig. 5.16. 

The symbol (qm = Ш) on Fig. 5.16 denotes the capacity of a given road or 
highway lane. The corresponding density is denoted by (km). As can be seen, with 
increasing of the traffic density the flow increases at decreasing rate until reaching 
the lane capacity. With further increasing of traffic density, the flow decreases more 
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Fig. 5.16 Flow-density relationship of traffic flow 
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than proportionally and reaches zero at the jam density. The relationship between 
the traffic density and flow based on Eq. 5.43 can be expressed as follows: 


q=v-k and q=v:k= ve: (1— k/k) -k= ve (К— k /k;) (5.44) 


where 
ve is the free flow speed (km/h). 


The other symbols are analogous to those in the previous equations. In addition, 
Fig. 5.17 shows an example of the flow-density relationship at the 
above-mentioned Lincoln Tunnel in NYC (New York City) (USA) estimated by 
using Eq. 5.44. 

The maximum number of vehicles simultaneously being on the tunnel’s lane 
reflecting the flow density is estimated by considering: the free-flow speed along the 
single lane of: v; = 35 km/h, the total travelling distance: / = 4.022 km, and the 
lane capacity: u = 1600 (veh/h). It is equal to: 


kejmax = 7° (Гу) = 1600. (4.022/35) ~ 184 (veh) ог z 46 (veh/km). 


The resulting relationship confirmed previous statements. In this case, the ca- 
pacity has been about 1680 (veh/h) at the ratio between current and maximum 
density of 0.5. Further increasing of this ratio causes the traffic flow to decrease 
more than proportionally and reach zero at its value of 1.0. As well, Fig. 5.18 
shows the relationship between flow, density, and speed of traffic flow (Teodorović 
and Janić 2016). 

As can be seen, the speed of flow increases until the flow reaches the lane 
capacity despite increasing of its density. After that, with increasing density both 
the flow and speed decrease. At the jam density, the speed drops to zero. 
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Fig. 5.17 Relationship between traffic flow and density—case of Lincoln Tunnel (NYC, USA) 
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Fig. 5.18 Relationship between flow, density, and speed of traffic flow (Teodorović and Janić 
2016) 


e Speed-flow relationship 


A simplified scheme of the speed-flow relationship is shown in Fig. 5.19. 

As can be seen, the same value of flow corresponds to two values of speed 
(except when the flow is at the level of capacity (qm). The speed values ranging 
from the free flow speed to the speed at the capacity characterize stable traffic 
conditions. The average space speed in unstable traffic is below the speed at the 
capacity [i.e. below (vm)]. Such unstable traffic conditions are usually defined as a 
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Fig. 5.19 Speed-flow relationship of traffic flow (Teodorovié and Јапіс 2016) 
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“stop-and-go” traffic. The relationship between speed and flow based on Eq. 5.44 
can be expressed as follows: 


k—-k(1—v/v), q—-v:k-v.k(1—v/v), and q—k(v—v^/w) 
(5.45) 


where all symbols are analogous to those in the previous expressions. 
e Combined relationships 


Figure 5.20 shows the relationships between three major indicators of traffic flow 
simultaneously. This is one of the main reasons, why are often called the funda- 
mental diagrams of traffic flow. 


e Shock wave 


Under conditions of the relatively large intensity of traffic flow and density, 
reduction of the road, and/or highway capacity causes sudden reduction of the 
vehicle speeds. There have been different causes such reduction of vehicle speeds 
such as traffic accidents, roadworks and/or snowfalls requiring closing particular 
lanes. Consequently, the regular state of traffic flow has substantively changed. 
This implies that a shock wave can be defined as a discontinuity in the regular 
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Fig. 5.20 Scheme of the relationship between three basic inter-relationships of indicators of traffic 
flow (Mathew 2017) 
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Fig. 5.21 Scheme of the time-space domain of shock wave (Teodorović апа Janić 2016) 








AB = vw- Shock wave speed 
Vu? 0, Shock wave travels upstream; 
vy < 0, Shock wave travels downstream. 
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Fig. 5.22 Scheme of the shock wave the flow-density domain (Teodorović and Janić 2016) 


flow-density conditions in the time-space domain. Figure 5.21 shows the simplified 
scheme of the time-space domain of shock wave. 

In addition, Fig. 5.22 shows the simplified scheme of the flow-density domain 
of shock wave. 
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The slope of the line AB on Fig. 5.22 represents the speed of shock wave. If this 
speed is positive the shock wave is travelling upstream. If it is negative, the shock 
wave is travelling downstream. 


(c) Elements of queueing system theory 


In general, queuing theory is the theory of congestion, which investigates the 
relationships between customers demanding services on the given service systems 
and the delays imposed on them while using that system. In general, delays happen 
as soon as a new arriving customer finds the service system busy with serving 
previously arrived customers. In the present context, the airport landside access 
modes and their systems can be considered as the service systems and their cus- 
tomers/air passengers and aviation and airport employees as customers. Delays can 
be imposed on the customers, for example, while driving or be driven along the 
congested roads and highways between the airport and its catchment area 
(CDB) and intersections along them, while waiting for free parking place at the 
airport or waiting for the delayed rail-based systems services caused by “bottle- 
necks" on their lines and at stations, etc. 

Every queuing system is characterized by: (a) arrival process type; (b) service 
process; (c) number of servers; (d) queue discipline; (e) queue capacity. 

The arrival process and service time of the queuing systems could be deter- 
ministic or random, i.e. stochastic. In the former case, the rate of customers' arrivals 
and service times are assumed to be constant. In the latter case, the customers’ 
arrivals and service times are described by the probability density functions. 

The number of servers is also among the main characteristics of any queueing 
system. For example, the number of servers is equal to one if a given rail station 
contains only one track/place for handling the stopped trains. It could be, for 
example, four if the station has fort tracks/places for handling stopping trains. At 
many queueing systems, the queue discipline is FIFO (First In—First Out) or FCFS 
(First Come-First Served). The other queue disciplines can also be like LIFO (Last 
In—First Out) and SIRO (Service in Random Order), etc. The specific category is the 
priority queues. In addition, at some queueing systems there are no specific 
restrictions in the queue capacity implying that this capacity can be assumed equal 
to infinity. Nevertheless, in most real queuing systems the number of customers to 
be handled in the queue is constrained (Larson and Odoni 2007; Teodorović and 
Janić 2016). 

Assuming that the interarrival and service time of customers are stochastic 
variables (A) and (D) with known probability functions and when their average 
values are E(A) and E(D), respectively, the average intensity of arriving customers 
and their service rate, i.e. capacity are equal as follows: 


A-—I/E(A) and u= 1/E(D) (5.46) 


If (m) servers in parallel serve the customers, the service rate, i.e. the system 
capacity, will be (m - и). If the queuing system is assumed to operate for a long 
time, it could reach an equilibrium or “steady state". Under such conditions, the 
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Fig. 5.23 Typical queueing system—cumulative counts 


common metrics in any queuing system are considered to be: (i) average number of 
customers in the system; in (ii) queue; (iii) average total time a customer spends in 
the system; and in (iv) queue; and (v) utilization ratio as the quotient between the 
customer arrival and service rate. 

In order to provide estimates of the above-mentioned metrics, Fig. 5.23 shows 
the cumulative number of arriving and departing customers for a given queuing 
system during a time interval (т). 

The curves A(t) and D(t) represent the cumulative number of arrived and served/ 
departed customers, respectively, by time (f) (0 < t < т). Both step curves 
increase their values for one as soon as a new customer arrives and one departs the 
system, respectively. The system is empty at time ¢ = 0. The number of customers 
in the system at some time (£o) is represented by the vertical distance between the 
cumulative arrival and departure curve as follows: 


N(to) = A(t) — D(to) (5.472) 


The time, which a customer arrived at time (tọ) spends in the system is repre- 
sented by the horizontal difference between the arrival and departure curve—W (tọ). 
The total time, which all customers have spent in the system by time (tọ) is equal to: 


10 


W(to) = моа = / [A(t) — D(t)]dt (5.47b) 
0 0 
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Dividing the total time which all customers have spent in the system by the time 
interval (їо) gives the average number of customers in the system during time [0, fo] 
as follows (Larson and Odoni 2007): 


Ма) = ИХ A) = M (5.47с) 





The term А(0)/ 0 represents the average intensity of arrivals by the time (tọ). The 
term W(tgVA(tog) represents the average time a customer spends in the system if 
arrives at the time (tọ). Under such conditions, the above-mentioned Little's Law can 
be applied to this and also to any other queueing system, which is in the equilibrium 
or the steady-state conditions (e.g. these conditions do not assume the start of 
operations in the system). In addition, in order describe the above-mentioned metrics 
of queueing systems by the Little's Law, the assumptions probability functions of the 
arrival and service time are not required. In addition, the Little’s Law is valid to 
queueing systems and their subsystems. Based on Eq. 5.47c and the Little's law, the 
particular metrics of queuing system, i.e., (1) the average number of customers in the 
system, (ii) the average total time a customer spends in the system, (iii) the average 
number of customers in the queue, (iv) the average customer waiting time in the 
queue, and (v) the system utilization ratio, respectively, can be estimated as follows: 


e The average number of customers in the system: 
L=1-W (5.48a) 
e The average total time a customer spends in the system: 
W-L/A (5.48b) 
e The average number of customers in the queue: 
L=- Wa (5.48с) 


e The average customer waiting time in the queue: 


Wa = 14/5 (5.48d) 
e The system utilization ratio: 
p=A/u (5.48e) 
In addition: 
W=1/u4+W, (5.48f) 


In the above-mentioned queuing systems, it has been assumed that the cumu- 
lative count of arrivals is always greater than the cumulative count of departures 
during the specified period of time, thus causing above-mentioned queues and 
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delays. One of the typical examples in the given context is occurring the bottlenecks 
at roads due to different reasons—maintenance work, traffic incidents/accidents, etc. 
In addition, toll booths for manual highway tool collection and oversaturated traffic 
lights can also act as some kind of “bottleneck”. Figure 5.24a, b shows a typical 
queuing situation around a segment of the road where a bottleneck occurred 
(maintenance works or traffic incident/accident). 

If there was not a bottleneck, the cumulative count of departing vehicles would 
be identical as the cumulative count of vehicles passing and departing a given 
segment of the road. However, a bottleneck occurred at the end of a given segment 
requires closing one of two lanes for traffic in the same direction. Under such 
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(b) Queuing scenario 


Fig. 5.24 Queuing situations at the road segment with a bottleneck 
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conditions, the arriving vehicles cannot pass and depart the segment at the same rate 
as previously (when there was not a bottleneck), i.e. (и |), but at the rate (u2), which 
is actually the capacity or service rate of the bottleneck (u2 < иу). Consequently, 
the vehicle queues causing delays occur and sustain under given conditions. The 
total delay of the affected vehicles during the time period (t4, t2) based on Eq. 5.47b 
can be estimated as follows: 


Wi -u)- [ А@—шїй= Аа-а (ба) 


ti ti 


where all symbols are analogous to those in the previous Equations. 

In addition, Fig. 5.25 shows a typical queueing process at the oversaturated 
traffic light. 

As can be seen, the cumulative number of arriving vehicles is always greater than 
the cumulative number of departing vehicles discharged from the queue during green 
light. The total delays of all vehicles queueing in front of traffic light during the time 
period (т) with (n) cycles of “red”—“green” lights can be estimated as follows: 


W(t) = faoa —n: H Tg: |(1/2)- H- tg + (tr + vg)] (5.49b) 
where 


и isthe rate of discharging vehicles from the queue during the “green” light (veh/min); 
t, is duration of the “red” light (min); and 
ть is duration of the “green” light (min). 
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Fig. 5.25 Queuing at an oversaturated traffic light 
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Equations 5.49a and 5.49b imply that the number of arrivals is always greater 
than the number of departures during the specified period of time, which inevitably 
causes queues and delays of the affected customers/vehicles. 

In many cases, the actual intensity of arrivals is lower than their service rate, 
which implies no queuing and delays. However, due to the inherent stochasticity of 
arrivals and their service times, some customers can find the server(s) busy and 
therefore need to wait for service. Under such conditions, the interarrival and 
service times can be represented by different probability distributions. The uniform, 
deterministic distribution of arrivals and departures is denoted by D, the exponential 
distribution by M, and "general distribution" (Erlang, Gauss) by G. Thus, for the 
systems with (т) servers: M/M/m denotes the queueing system with exponentially 
distributed interarrival and service time; D/D/m denotes queueing system with 
deterministic arrivals and departures; M/G/m denotes the queueing system with 
exponentially distributed interarrival times and general (other than exponential) 
distribution of service time; and G/G/m system denotes the queueing system with 
generally distributed interarrival times and service time. 

In case when the queuing system with a single server (i.e. m = 1) is in equilibrium 
(i.e. steady state), the total time in the system and the waiting time in the queue can be 
estimated as follows (Larson and Odoni 2007; Teodorović and Janić 2016): 


e М/МЛ: 








— i Alu ) — 1 A/u 
W = 1+ and W=- (5.50a) 
Т (1 — А/и) * o Bu - Au) 
e M/G/l: 
= L 1 Шао) w _ A[0/2) e 
vec de) OO ag oo 
e G/G/1—Heavy traffic approximation: 
w 1 (e$) v 14(02 +02) 
W = - + ——_ and Wa = —— 5.50c 
zt 21- p) = X01 p) vom 
where 
A is the intensity of arrival customers (arr/min) [(A = 1/t,); (ta—is the 
average interarrival time (min/arr)]; 
Л is the intensity of departures (dep/min) [(u = 1/та); (та—15 the average 
service time of a customer (min/arr)]; 
0 is the system utilization ratio; and 


0x, Os is the standard deviation of the probability distribution of the arrival times 
and service times of customers, respectively (arr/min; min/dep). 
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In M/G/1 system, the distribution of service time (С) can be different starting 
from Erlang with different values of parameter (k) (К = 1, 2, 3, ...) to Gauss, i.e. 
normal, while the distribution of the arrival times remains Poisson (see also 
Eqs. 5.50b, 5.50c). In G/G/m system, the average total time in the system and the 
average waiting time, respectively, can be estimated as follows: 


= 1 2(05+02/т) 


DEO 2(02, + о? 
Wq £z and И; | z з/т) 
mu 2(1 —2/mp) 


^ 2(1 — A/my) 





(5.51) 


Figure 5.26 shows an example of the relationship between the average delay and 
the intensity of arrivals in different single server queuing systems. 

As can be seen, if the service rate is constant, the average customer delay 
increases more than proportionally with increasing of the intensity of arrivals, i.e. 
utilization of the server. In addition, at G/G/1 system it increases the fastest com- 
pared to that at M/M/1 system, thus indicating higher sensitivity to the variances of 
distributions of both customer interarrival and service time. 

As well, Fig. 5.27a, b shows an application of Eq. 5.50а (M/M/1 queuing sys- 
tem) to estimating the average travel time and speed through the above-mentioned 
Lincoln Tunnel (NYC—New York City, USA) under different levels of congestion. 

As can be seen, Fig. 5.27a shows that the average travel time increases more 
than proportionally with increasing of the level of congestion. For example, it 
reaches about 1 h at the level of congestion of about 0.90 compared to about 7 min 
under conditions of no congestion. At the same time, Fig. 5.27b shows that the 
average travel speed linearly decreases with increasing of the level of congestion. If 
it reaches the level of 0.90, the average speed drops to about 5 km/h indicating 
more or less “stop-and-go” traffic conditions. 


(d) Transport work 


Transport work is one of the basic measures of the transport system output. It is 
calculated as the product of transported user/air passenger or airport/aviation 
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Fig. 5.26 Relationships between the average delay and intensity of arriving customers at single 
server queuing system 
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(b) Average travel speed vs level of congestion 


Fig. 5.27 Travel time and speed under congestion while passing through Lincoln Tunnel (NYC— 
New York City, USA) 


employee and door-to-door distance by a taxi. The door-to-door distance includes 
that between the user’s location in CDB where being picked up by a taxi and the 
doors of the airport passenger terminal complex. This can be estimated as follows: 


TWrjc = 0- m- [E(D) + L] (5.52) 


where 


TWryc_ is the transport work (p-km) (p-passenger); 
0 is the average load factor (0 < 1.0); and 
m is the seat capacity of a taxi or car (sp/veh) (sp—space/seat). 


The other symbols are analogous to those in the previous equations. 
When an air passenger is taken by car from home, the distance (E(D)) in 
equation X will be equal to zero. However, the distance (L) will have to include also 
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the segment within CDB. For a taxi fleet operating between a given CDB and the 
airport, the transport work in a single direction based on Eq. 5.52 is equal to: 


TWrr = № · ТЁтус = No: 0: т: [E(D) +L] (5.53) 


where 


No is the number of vehicles in the fleet operating between a given СОВ and the 
airport. 


(e) Technical productivity or productive capacity 


The technical or productive capacity is defined as the product of the given vehicle 
(in this case taxi) or the fleet of vehicles (taxis) capacity and its or their, respec- 
tively, average operating speed while serving to the airport accessibility (Vuchic 
2007). In the given case, for a single vehicle-taxi, it is estimated as follows: 


ТРтус = т: 0-9 (5.54a) 
where the average travel speed v is equal to: 
y = [E(D)+L]/ta (5.54b) 
For the fleet of taxis, this or productive capacity is equal to: 
TPrjp = No: m0. v (5.54c) 


where all symbols are analogous to those in the previous equations. 

Both productivities—of a single vehicle and a fleet of vehicles—are expressed in 
p-km/h. As indicators of the operational performances, on the one side, they take 
into account the offered capacity (relevant for taxi operators) and on the other the 
average travel speed (relevant for users/air passengers and others). 


5.3.1.5 Economic Performances 


The economic performances of the car and van system are expressed by indicators 
such as costs and revenues. This latter is relevant in case of performing taxi ser- 
vices. The total costs usually considered annually consist of the fixed and variable 
component. The fixed costs (Със) do not change with changing of the intensity of 
vehicle use (mileage). They include the costs of vehicle acquisition, interest, 
insurance, tax, parking, and toll. The variable cost (Сус) increase at the given rate 
with increasing of the vehicle use. They generally include the vehicle depreciation, 
maintenance, cleaning, tires, fuel, and toll. Specifically, at taxis, the driver costs are 
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also included as the rather substantive component of fixed costs. The total costs of a 
car or van either operating privately or performing taxi services during a given 
period of time (i.e. usually a year) can be expressed in the linear form as follows 
(Button 1993; Manheim 1979): 


Ст = Cre + Сус = Co t ev: 9 (5.55a) 


where 


Co is the fixed costs ($US/yr or €/year) 
c, is the average variable costs (€/km or $US/km); and 
q is the total mileage travelled during a given period of time (km/yr) (yr—year) 


Figure 5.28 shows generic relationship between the total vehicle costs and total 
annual mileage travelled. 
From Eq. 5.55a, the average total cost per unit distance is equal to: 


Са = — + су (5.551) 


The cost (с„) in Eq. 5.55a is expressed in ($US/km). The first term represents the 
average fixed costs and the second term the average variable costs. In addition, the 
costs (c,) decrease more than proportionally with increasing of the intensity of 
vehicle use during a given period of time. Based on Eq. 5.55a, the cost of a taxi 
service transporting a user/air passenger from its location in a given urban (CDB) to 
the airport can be estimated as follows: 


С, = с, [E(D) +1 = (С›/а+ с) - [E(D) + L] (5.55c) 


where all symbols are analogous to those in Eqs. 5.35a, 5.35b. 
The costs (C,) in Eq. 5.55b are expressed in $US/p (p—passenger). They rep- 
resent the basis for setting up the prices of taxi services reflecting their revenues in 


Fig. 5.28 Relationship 
between the total costs and 
the annual mileage of a car or 
van (Manheim 1979) 
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Table 5.7 Some estimation of fares of the Medallion taxi services between Manhattan (Empire 
State Building) (NYC—New York City) and its three airports (TLC 2016) 











Airport Distance Average fixed/variable charge Estimated Official fare* 
L (mi) Еу, (SUS//SUS/mi) fare F,($US) F ($US) 

LaGuardia 9.4 3.30/2.50 27.2 26.48 

John F. 19.2 3.30/2.50 51.3 52.12 

Kennedy 

Newark 19.0 3.30/2.50 50.8 62.41 

















“Fares without influence of traffic congestion; mi—mile (1 mi = 1.609 km) (https://www. 
taxifarefinder.com/main.php?city=NY/) 


the given context. The taxi fare from a user/air passenger location in urban district 
(CDB) to the airport can be estimated as follows: 


Fy = Fo t+fy-L (5.56) 


where 


Fo is the initial fixed charge ($US); 
JV is the average variable charge ($US/km); and 
L 15 the distance between the user/air passenger location and the airport (km). 


Table 5.7 gives the examples of estimating fares by Medallion taxi services 
between Manhattan (NYC—New York City) and three airports LaGuardia, JFK, 
and Newark by Eq. 5.57. The official fares are given for the purpose of comparison. 

As can be seen, there can be differences in estimating these fares by two approaches. 
The main cause can be respecting the actual conditions in two approaches. 


5.3.1.6 Environmental Performances 


The environmental performances embrace the fuel consumption and emissions of 
Greenhouse Gases by cars and vans operating and serving to serving the airport 
access, and the land used for building the lanes, roads, highways, parking spaces, 
and the other supporting facilities and equipment between a given airport and its 
catchment area (СОВ). 


(a) Fuellenergy consumption and emissions of GHG 


The cars and vans, similarly like the other road vehicles consume fuel for overcoming 
accelerating, air, gradient, and rolling resistance. The total fuel consumption of a саг/ 
taxi transporting users/customers-air passengers and airport employees between a 
given urban or suburban district/area and airport can be estimated as follows: 


Е, = 100 - f.(v) - [E(D) + L] (5.57a) 
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Fig. 5.29 An example of the relationship between the average fuel consumption and speed of cars 
(https://www.google.nl/search?q=car+-+speed+vs+fuel+consumption+formula&dcr=0&tbm= 
isch&source=iuc&ictx=1 &fir=36L) 


where 
fev) is the average unit fuel consumption of a саг (//100 km) (I—litre). 


The other symbols are analogous to those in Eqs. 5.35a, 5.35b. 

A rather generic example of the dependence of the average fuel consumption and 
speed of cars is shown in Fig. 5.29. 

As can be seen, the fuel consumption can be minimized at the certain range of 
speeds (in this case from 55 to 80 km/h). With further increase in speed, the average 
fuel consumption will also increase. The corresponding emissions of GHG can be 
estimated from Eq. 5.57a as follows: 


K 
EM, = Fe: Уп (5.57b) 
k=1 
where 
ry is the emission rate of (k)th type GHG (kg/l of fuel) (I—litre) (k = 1, 2, ..., К); 
and 


К 15 the number of GHG considered. 


For example, the emission rate of СО» (Carbon Dioxide) from gasoline is: 
2.374 kg/l and from diesel 2.689 КоЛ (I-litre of fuel) (see also Chap. 3). For the BEV 
(Battery Electric Vehicle), the energy consumption during the time of one second (E,) 
can be estimated by the generic equations as follows (Hyodo et al. 2013): 


Е, —Q:. v.a (1/2): p Cp: A- v -Q- G- Aha r- Q- G-v (5.57c) 
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where 


is BEV mass (kg); 

is the BEV speed (m/s); 

is acceleration (m/s?); 

is the air density (p = 1.24 kg/m? at 10° C); 

is the air resistance coefficient; 

is the cross-sectional area of BV (m?) 

is the gravitational constant (9.81 m/s?); 

is the difference in elevation during 1 s (m); and 
is the rolling resistance coefficient. 


Tp ey eque EOS S 


The particular terms in Eq. 5.57c represent accelerating, air, gradient, and rolling 
resistance, respectively. It appears obvious that the energy consumption of BEV 
increase with increasing of its speed at third degree. The corresponding emissions 
of GHG depend on those from the primary sources for obtaining electric energy for 
charging BEVs. 


(b) Land use 


The area of land taken for building the road connection between an airport and its 
catchment area (CDB) (kn?) can be estimated as follows: 


LU = ôs- L (5.58a) 


where 


беу; is the width of a cross section of a given road (km); and 
L 15 the length of the road (km). 


The width of a cross section (w) depends on the number of lanes and width of the 
associated "buffer/clearance" land/space taken along the given road. In addition, the 
land taken for the parking space can be roughly estimated as follows: 


LU, = N,°s 5.58b 
р p` Sp 


where 
N, is the number of parking places (see Eq. 5.20); and 
Sp is the size of a single parking place (mô). 


Both types of areas of land taken are expressed in km?. 
What remains to be further investigated is the influence of automated cars on the 
above-mentioned requirements for taking land. 
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5.3.1.7 Social Performances 

The social performances are expressed by indicators referring to: (a) e, (b) con- 
gestion, and (c) traffic incidents/accidents (safety). 

(a) Noise 


In general, noise from cars and vans passing by an observer, also one located some- 
where along the link connecting a given urban district (CBD) and an airport depends 
on many factors, but generally increases with increasing of the vehicle speed. 

The US FHWA (Federal Highway Administration) developed the noise predictive 
model for estimating traffic noise for all types of traffic including that by car and vans 
as follows (https://www.fhwa.dot.gov/environment/noise/traffic noise model/): 


Leq = Lo + Ay + Aa - A; (5.59a) 


where 


Г.а is equivalent noise level calculated by the conventional FHWA model (dBA); 
Lo is the basic/reference noise level (dBA); 

A, 15 the noise volume and speed adjustment (dBA); 

Aq is the noise distance adjustment (dBA); and 

A, 15 the noise ground cover adjustment (dBA) 


The above-mentioned “adjustments” are as follows: 
(i) Basic/reference noise level (Lo): 


This is the noise emitted by particular class of vehicles (in this case cars and vans) 
at a right-angle distance of 10 m or 15 m from the nearest traffic lane. For cars and 
vans, this is equal to: 


Lo = 15.891 + 32.372 - logyo(v) (5.59b) 


where 


v is the average vehicle speed (km/h). 


(1) Volume and speed adjustment (Ays): 


This is equal to: 
Ay = 10- logi;o[(do : g)/v)| — 25 (5.59c) 


where 


do is the reference distance (10 m or 15 m); 
4 15 traffic flow of cars and taxis (veh/h); and 
v is the speed (km/h). 


5.3 Modelling Performances of the Road-Based Mode ... 299 


(iii) Distance adjustment (Ap): 


The factor including adjustment of the level of noise relating to distance (d) is given 
as follows: 


Ag = 10 logo (do/d) * ? (5.59d) 
where 


х is the value different for different locations; it depends on the ground cover 
coefficient (ranging from 0 to 0.75). 


(iv) Ground cover adjustment (As): 


This depends on the type of surface of the road/highway (asphalt, concrete). 
Figure 5.30 shows the relationship between basic/reference noise level (Lo) and the 
average speed of a car or van serving to the airport access. 

As can be seen, the basic/reference noise level (Lo(v)) increases with increasing 
of car or van speed (v) at decreasing rate measured at the distance of 10 m from the 
centre of the lane. 


(b) Congestion 


This indicator of the social performances has already been explained by explaining 
dependency between travel time by a car and/or a taxi and traffic conditions (in- 
tensity of flow/density) along the road/highway connecting a given airport with its 
catchment area (CDB) (see also Chap. 3). 
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Fig. 5.30 Relationship between the basic/reference noise level and the average speed of car or 
van (according to FHWA) 
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(c) Traffic incidentslaccidents (safety) 


The number of expected or perceived traffic incidents/accidents of cars and/or vans, 
which may occur on a road or a highway connecting a given urban district (CBD) 
and an airport during a given period of time can be estimated as follows: 


n;/ac = а. [E(D) + L] (5.60) 


where 
аст is the car/van accident rate (events/km). 


The other symbols are analogous to those in Eqs. 5.35—5.37. 


5.3.2 Bus System 


5.3.2.1 Infrastructural Performances 


The indicators of infrastructural performances of a given bus system relate to: 
(a) capacity of roads or highways connecting an airport and its catchment area 
(CBD); (b) capacity of bus stops along roads or highways; and (c) capacity of bus 
stations/terminals in CBD and at a given airport. 


(a) Capacity of roads or highways 


The capacity of lanes of roads and highways also used by buses exclusively (BRT 
system) or by mixing with other traffic can be "ultimate" and "practical". The 
former has been elaborated in the Sect. 5.3.1.2. The later has been implicitly 
addressed in the subsections "elements of traffic flow theory" and "elements of 
queuing theory". 

Anyway, in general, the "practical" capacity can be defined as the maximum 
number of vehicles, which can pass through the “reference location" of a given lane 
with an imposed average delay specified in advance. Let the total average travel 
time (Wr) along a given road or a highway lane is expressed similarly as in 
Eqs. 5.50 and 5.51 as follows: 





Wr = W + W = (d/v) +J - (d/v): (4) Sd py) [1 +0.25(, | 


(5.61a) 


where 


d isthe length of a given lane of the road or highway lane (km); 
v is the free flow speed along the given road or highway lane (d) (km/h); 
À is the intensity of traffic demand on the given road or highway lane (veh/h); 
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HA is the “ultimate” capacity of a given road or highway lane (veh/h); and 
J isthe empirically estimated factor (J = 0.25). 


The first term in Eq. 5.61a indicates the average travel time under no congestion 
conditions and the second term the additional (delay) time due to congestion. In 
order to maintain the average delay per vehicle (W,) at the specified level 
(W; = w*), the intensity of demand (7) needs to be constrained given the “ultimate” 
capacity (и). From the last term in Eq. 5.61a, the maximum intensity of demand 
guaranteeing that the average delay will not be higher than the specified one (i.e. 
w < w*)is estimated as follows: 


DE: es : (5.61b) 
CSI vw x025-d) (1025 -d/v- w ) 


where all symbols are analogous to those in Eq. 5.61a. 

Figure 5.31 shows example for the contraflow bus-only lane in Lincoln Tunnel 
called exclusive bus lane (also known as EBL) introduced to be exclusively used 
during peak hours (6—10 a.m.) (PANYNJ 2009). 

The buses are assumed to operate along this line at and the average speed of: 
vf = 35 km/h while keeping distance of about; s, = 34 m. This has given the hourly 
capacity of the bus lane as follows: 





и = 3600 - [1/(s,/(vr/3.6))] = 3600 - [1/34/(35/3.6)] = 1030 (buses/h). The 
maximum specified average delay per a bus operating along the lane is varied as a 
parameter. As can be seen, the intensity of demand (A*) guaranteeing the allowed 
average delay represents the "practical" capacity. This generally increases with 
increasing of the allowed average delay and approaches at the given the tunnel's 
lane “ultimate” at generally decreasing rate. In addition, it is obvious from Eq. 5.16 
that this “practical” capacity will increase with increasing of the “ultimate” capacity 
given the allowable delay per bus under given conditions. 
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Fig. 5.31 Relationship between the "practical" capacity and the specified average delay per bus: 
Case of Lincoln Tunnel (NYC—New York City, USA) 
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(b) Capacity of bus stops 


The capacity of bus stop can be “ultimate” and “practical” (see Chap. 3 and 
Sect. 5.3.1.2 for definitions). 


(i) "Ultimate" capacity 


The "ultimate" capacity of a bus stop in terms of the number of served vehicles per 
unit of time (buses/min or buses/h) can be estimated by the Little's formula as 
follows: 


Hojs = Nb/s/Tb/s (5.62a) 


where 


Ny, is the number of places at a given bus stop enabling simultaneous stops of a 
few buses (usually 2—3 places); and 
fy, 1s the average time a bus spends at the stop (min). 


Alternatively, the required number of places at a bus stop along a given line can 
be estimated by the Little’s formula as follows: 


№ = дув * Th/s (5.62Ь) 


where 

Aws is the intensity of bus arrivals at the given intermediate station (veh/min). 
The others symbols are analogous to that in Eq. 5.62a. 

Gi) “Practical” capacity 


The “practical” capacity implies serving a given number of buses at a given stop 
during the specified period of time but with some average delay in occupying/ 
standing at the stop. For example, this capacity can be derived from the 
above-mentioned Eq. 5.50c for estimating the average delay per customer in G/G/1 
queuing system as follows: 


‚ Ao + 95) 
а 2(1—A/p) 


2: Wi 


| (e$ + 4) +2. (we /tyys) _ 





w and АЉ, < 


where 


PN ^ is the “practical” capacity of a bus stop (veh/min or h); 

Hws is the “ultimate” capacity of a bus stop (veh/min or h); and 

wp is the average delay imposed in advance on a bus while waiting to enter a 
given stop (min). 
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The other symbols are analogous to those in Eq. 5.50c. 

Equation 5.63 indicates again that the practical capacity can be increased with 
increasing of the “ultimate” capacity given the average delay, with increasing of the 
average delay given the “ultimate” capacity, or by increasing both the average delay 
and “ultimate” capacity simultaneously. 


(c) Capacity of bus station(syterminal(s) 

Similarly as in the case of bus stop, the capacity of bus stations/terminals can be 
“ultimate” and “practical”. 

(i) “Ultimate” capacity 


The “ultimate” capacity of the station/terminal relates to the bus-side area, i.e. that 
of the platforms/gates, as shown in Fig. 5.32. This capacity can be expressed by the 
maximum number of buses that can be served at the given number of gates during a 
given period of time under conditions of constant demand for service. 

This capacity (ub) in terms of the number of buses handled per unit of time (one 
hour) can be estimated as follows: 


Hp = М№/тьъ (5.64а) 


where 


Ne is the number of available platforms/gates at the bus station (places); and 
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Fig. 5.32 Simplified scheme of a bus station/terminal—angle parking places/platforms 
(Teodorović and Janić 2016) 
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ть 15 the average bus turnaround time at the bus station’ parking place/platform 
(h/bus). 


As well, the number of required platforms/gates (Ny) can be estimated means by 
the above-mentioned Little’s formula, as follows: 


Np = Ab * tb (5.64b) 


where 


Ap is the constant intensity of arriving buses at the bus station during the time (т) 
(buses/h). 


The bus turnaround time at the bus station (ть) includes the time for its entering 
the platform/gate, disembarking the arriving passengers and their baggage, short 
cleaning, the necessary administration if any, embarking the departing passengers 
and their baggage, and departing the platform. 


(1) "Practical" capacity 


The "practical" capacity of bus-side area, i.e. that of the platforms/gates of the given 
bus station can be defined as the maximum number of buses, which can be 
accommodated during a given period of time (usually 1 h) under conditions of the 
specified maximum average delay of their acceptance. This delay depends on the 
ratio between the intensity of the arriving buses and their service rate, i.e. the 
above-mentioned “ultimate” capacity of the bus-side area. If this ratio is lower than 
1.0, this delay is usually practically negligible. It becomes substantive when this 
ratio is greater than 1.0, i.e. in this case the intensity of arriving buses is greater than 
the “ultimate” capacity of the bus-side area. According to the above-mentioned 
notation, assuming that: A(f) > u(® (i.e. p(f) = A(t/u(t) > 1.0), the number of buses 
n(t) waiting to enter the station and be handled at the platforms/gates in the bus-side 
area at some time t, can be estimated as follows: 


n(t) = max(0; n(t — Ar) + [4(t) — u(t)|At) (5.65a) 
where 
At is the time interval between successive observation of the bus queue 
(min); and 
n(t — At) is the number of buses in the queue waiting to enter the bus station at 
time (t — Ar). 


The other symbols are analogous to those in the previous relations. The waiting 
time/delay w(t) of the last bus in the queue at time / at the entry of bus station, is 
equal to: 
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w(t) = n(0/u(t) (5.65b) 


This waiting time w(f) can be used as an indicator of the quality of service 
provided to the buses in the bus-side area of a given bus station. If limiting it, the 
maximum acceptable arrival flow of buses under given conditions can be defined as 
the "practical" capacity of the bus-side area under given conditions. For example, if 
the maximum waiting time is limited to: w(f) 2 w*, then the maximum bus arrival 
of a given bus station, i.e. its “practical” capacity can be estimated as follows: 


A (t) = w(t) - (w* +1) (5.65c) 


5.3.2.2 Technical/Technological Performances 


These have been elaborated in Chap. 3. 


5.3.2.3 Operational Performances 


The operational performances of bus systems connecting a given urban district 
(CDB) and an airport are represented by the following indicators: (a) time-space 
diagram reflecting scheduling buses along the line overtime; (b) quality of service; 
(c) line capacity; (d) transport work and technical productivity or productive 
capacity; (e) required vehicle/bus fleet; and (f) user travel time. 


(a) Time—space diagram 


The operations of bus services connecting a given urban or suburban district and the 
airport can be presented in the form of time-space diagram as shown in Fig. 5.33. 

As can be seen, the buses depart from the terminal in an urban district (this can 
also be off-airport passenger terminal) (i.e. origin) in the fixed time intervals at the 
moments (tı, t2, t3), run between the intermediate stops where stopping and picking 
up additional users/departing air passengers, aviation and airport employees 
(reporting on duty), and finish their one-way journeys at the airport bus station/ 
terminal close to the entrance(s) of the airport passenger terminal complex (desti- 
nation). Then after spending turnaround time at the airport, they come back again in 
the fixed time intervals towards the urban district carrying the airport arriving 
passengers and the aviation and airport employees (who have finished their shift(s). 


(b) Quality of services 


The quality of service is characterized by the indicators such as: (1) travel time along 
the line; (ii) transport service frequency; (iii) reliability and punctuality of services. 
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Fig. 5.33 Time-space diagram of scheduling an airport bus services 


(i) Travel travel time and regime along the line 


The above-mentioned scheduling of transport services overtime is based on the 
operating regime of each bus along the given line as shown in Fig. 5.34. 

As can be seen, the bus travel regime between any two intermediate stops 
includes acceleration rate (a^) from the speed v = 0 to the cruising speed (v), 
cruising at the maximum allowed speed (v), and deceleration rate (a ) to the speed 
у = 0 at the next stop. If the acceleration and deceleration rate are equal, i.e. 
(a*= a =a) for all segments of the line between intermediate stops, the bus 
turnaround time along the line is estimated as follows: 
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Fig. 5.34 Example of the travel regime of a bus transport service in the given case 
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N-1 N-2 N-1 
li i 
ws у (E42) + уыл + апа Lc (5.662) 
jd Ni Gi pen i=l 
where 
N is the number of stops along a given line including the origin and 
destination station/terminal; 
L is the length of a line consisting of (N — 1) segments between the 
intermediate stops (km); 
1; is the length of the (i)th interstation segment of a line (km); 


To, tq is the average bus turnaround time at the origin and destination station/ 
terminal, respectively (min); 


yi is the time of bus stop at (7)th intermediate stop along a line (min); 

Vi is the cruising speed of a bus along the (i)th interstation segment of a line 
(km/h); and 

dj is the nominal bus acceleration/deceleration rate along the (i)th interstation 


segment of a line (m/s”). 


From Eq. 5.66a, the average speed along the line during the bus turnaround time 
is equal to: 


where all symbols are analogous to those in the previous equations. 
(ii) Transport service frequency 


The transport service frequency (dep/h), which satisfies the representative passenger 
demand on a given line during the time period (т) in the single direction (usually 
1 h) can be estimated as follows: 


folt) = Qo(t)/[0(t) - Sy(x)] (5.67a) 


where 


Q(t) is the passenger demand along the line during time period (т) (passengers); 

Ost) is the average load factor of a bus transport service during time period (т); 
and 

S,(t) is the bus space capacity (seats + standings) offered per service during time 
period (т). 


The maximum transport service frequency can be achieved if buses are sched- 
uled on the line during time (1) at the minimum time intervals as follows: 
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T 


= max qm (т) ; Тушак) 


Fojimax( 3) 





and Hy min (t) == Öb /min / УЪ/тпах (5.67Ь) 


where 


Amin is the minimum time interval between scheduling successive bus services 
along the line (min); 

Ôb/min is the minimum spacing between successive buses (т); 

Vb/max 15 the maximum cruising speed of buses along the line (km/h); and 

Ts/max Ше maximum stopping time at the intermediate stations along the line 
(min). 


(iii) Reliability and punctuality of services 


The reliability is expressed as the ratio between the number of realized and planned 
transport services carried out along a given line or a network during a given period 
of time. 

The punctuality is expressed as the ratio between the number of delayed and 
on-time transport services carried out along a given line or a network during a given 
period of time (see Sect. 5.4.3). 


(c) Line capacity 
The capacity of a given bus line can be the traffic and transport capacity. 
(i) Traffic capacity 


The line traffic capacity (LC;(1)) can be defined by the maximum number of buses, 
which can be safely scheduled along a given line. This can be achieved if these 
buses are scheduled in the minimum time intervals, i.e. at the maximum transport 
service frequency, during a given period of time time (1) as elaborated in Eq. 5.67b. 


Gi) Transport capacity 


The line transport capacity (LC;(t)) is the product of the traffic capacity and the 
average size (space capacity) of buses scheduled along a given line during a given 
period of time. Given the line traffic capacity as the maximum possible transport 
service frequency and the number of spaces (seating and standing) per service/bus 
(Sy), the line transport capacity in terms of the number of offered spaces in a single 
line direction during given period of time (т) is equal to: 


LTCy(x) = fo max (Т) А $ь(т) (5.68) 


where all symbols are analogous to those in Eqs. 5.67a, 5.67b. 
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(d) Transport work technical productivity or productive capacity 


The transport work carried out in the single direction of a given bus line during time 
(t) can be estimated as follows: 


TWy(x) = Оь(т) -L = (т) * бь(т) ©$ь(т) -L (5.69a) 


Technical Productivity or productive capacity of a given bus line in both 
directions as the product of the transport service frequency, space capacity, and the 
average speed can be estimated as follows: 


TP, (1) =2 - fo(T) . Sy(1) - Vb (5.69b) 


The symbols in Eqs. 5.69a and 5.69b are analogous to those in the previous 
Equations. The transport work in Eq. 5.69a is expressed in p-km/h and the technical 
productivity or productive capacity in Eq. 5.69b in space-km/h?. 

(e) Required fleet 


The bus required fleet to serve the passenger demand during time period (1) on the 
given line under given conditions based on Eqs. 5.66a and 5.672, and 5.67b can be 
estimated as follows: 


КРъ(т) = f(t) ` тъл (5.70) 


where all symbols аге analogous to those іп the previous equations. 
(f) User travel time 


Under an assumption that users/air passengers, aviation and airport employees 
arrive at the bus station/terminal at either side of the line between any two suc- 
cessive bus departures uniformly distributed during time (т), their waiting for the 
nearest bus departure called the “schedule delay” is estimated as follows: 


SDp(t) = 1/4: [t/fo(t)] ог = SDe(x) = 1/2- [x/fo()] (5.7 1a) 


In Eq. 5.71a, if the users are familiar with the bus schedule the term (1/4) is 
used; otherwise, the term (1/2) is used. Then, in this latter case, the total travel time 
between two end terminals of the line will be: 


Wel Pe. a N-2 
тър = 1/2: [s/fe(2)] + 9 E + 2 + Ул (5.71b) 


i=l 


where symbols are in the previous Equations. 
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5.3.2.4 Economic Performances 


The indicators of economic performances of the bus systems operating between 
airports and their catchment areas are (a) costs; and (b) revenues. It is obvious that 
the difference between the revenues and costs represents the bus operator’s profits. 
These can be positive if revenues are higher than costs and negative, if vice versa. 
In most cases, both costs and revenues have usually been estimated by using the 
real-life data, which have been found on different levels of aggregation. 


(a) Costs 

The bus operator’s costs include the total and average costs. 

(i) Total costs 

In the given case, the total costs during a given period of time (i.e. usually 1 year) 
can be expressed as follows: 


Сыт = Cyr + Cov (5.72a) 


where 


Cyr is the fixed cost of depreciation and capital maintenance of a bus fleet, and 
administration, during a given period of time (year) ($US or € per year); 

Съу is the operating costs (energy/fuel, maintenance, staff, tolls) of a bus fleet 
operating on the given line during a given period of time (year) (($US or € 
per year). 


According to Eq. 5.72a, the total costs can change in proportion to changes of 
both fixed and variable costs. These two can generally be constant, increasing, or 
decreasing with increasing of use of given bus fleet. Figure 5.35 shows an example 
for the English metropolitan areas (UK). 
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Fig. 5.35 Relationship between the total costs and the volume of bus fleets use—case of English 
metropolitan areas (Period: 2004—2016) (https://www.gov.uk/government/collections/bus-statistics) 
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As can be seen, the total costs of bus operators decreased less than proportionally 
with increasing of the volumes of their bus fleets use. It can be said that it was 
achieved generally improving efficiency of using bus fleets overtime. 


(1) Average costs 


Then, the average costs per unit of input (space-km) and/or per unit of output 
(p-km) are equal to: 


e Per unit of input ($US/sp-km): 








Е Cyt 
= .72b 
b/i = 365. At-fo(At) - Sp: 2L PUB 
e Per unit of output (SUS/p-km): 
С 
ys = Ыт (5.72с) 


365 · Ат - fo(AT) * 0 К Sb : 2L 


where 


At is the time during the day the bus transport services are provided (h/day); 
fo(At) is the transport service frequency in a single direction during the time (Ат) 
(dep/unit of time); 


Sp is the number of offered spaces per frequency (spaces/dep); 
0, is the average load factor; and 
L is the length of line (km). 


Equations 5.72b and 5.72c suggest that the average cost per unit of output of a 
given bus operator's fleet decreases with increasing of the volume of its input and 
output, respectively, during a given period of time. Figure 5.36 shows again the 
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Fig. 5.36 Relationship between the average costs and the volume of bus fleets use—case of 
English metropolitan areas (Period: 2004—2016) (https://www.gov.uk/government/collections/bus- 
statistics) 
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example for the English metropolitan areas (UK). The average costs per vehicle/bus 
mile (unit of input) are considered. 

As can be seen, the average costs per unit of bus mile of bus operators decreased 
less than proportionally with increasing of the volumes of their bus fleets use 
reflecting in some sense economies of scale (“economies of scale refer to reduced 
costs per unit that arise from increased total output of a product”) (https://www. 
investopedia.com/terms/e/economiesofscale.asp). 


(iii) The costs of transporting a user/air passenger or aviation/airport employee 


Based on Eq. 5.72b, the costs for transporting a user/air passenger or aviation and 
airport employee on the given line can be estimated as follows: 


ep(L) = yi L (5.73) 


For example, if the average costs per bus mile are: ¢,/; = 250 Pence, the costs 
of bus transport service between London City and three airports will be: 
Heathrow—250/100 (£/mi) · 19.3 (mi) = 48.25 £; Gatwick—250/100 (£/mi) · 27.9 
(mi) = 69.75 £; and Stanstead—250/100 (£/mi) - 38.8 (mi) = 97.0 £ (£— British 
pound; mi—mile; Imi = 1.609 km). 


(b) Revenues 


The revenues are obtained from charging users/air passengers and aviation and 
airport employees, grants, subsidies, contracts, and other supports to operators. In 
any case, they are expected to cover the total costs at least to the level of 
zero-profitability during observed period of time. Figure 5.37 shows the example 
for the English the English metropolitan areas (UK). 
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Fig. 5.37 Relationship between the average revenue and subsidy per passenger journey—case of 
English metropolitan areas (Period: 2004—2016) (https://www.gov.uk/government/collections/bus- 
statistics) 
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As can be seen, the average revenue per passenger journey increased more than 
proportionally with increasing the corresponding subsidies. This can be an indi- 
cation of generally decreasing subsidies during the observed period of time. 
Although not explicitly relating to the transport services between airports and their 
catchment areas, the above-mentioned examples implicitly reflect in some way the 
main principles of their consideration. 


5.3.2.5 Environmental Performances 

The environmental performances of the bus systems are represented by indicators 
such as: (a) Fuel consumption and emissions of GHG; and (b) land use. 

(a) Fuel consumption and emissions of GHG (CO;) 


Fuel consumption of a bus operating between a given urban district (CDB) and an 
airport can be estimated as follows: 


FC, = fcp (у) “1, (5.74a) 


where 


fc, (v) is the average unit fuel consumption, which depends on the bus operating 
speed (v) (litre/km); and 
L is the length of line (km). 


The fuel consumption per unit of input (l/space) and output (l/passenger) 
(I—litre of fuel) based on Eq. 5.74a is equal to: 


FC» ji = [fes (v) 5 L|/Sy and FCyjo = [fc (v) : L]/0; * Sb (5.74b) 


where 
O, is the average load factor. 


The corresponding emissions of GHG (kgCO>,) between a given urban district 
and the airport serving it are estimated based on Eq. 5.74b to be as follows: 


k 


EMp/i/o = FCvjijo * 5 Tk (5.74c) 
k=1 
where 
ry, is the emission rate of the (k)th type GHG (kg/l) (I—litre of fuel) (k = 1, 2, ..., 
К); and 


K is the number of GHG considered. 


314 5 Modelling Performances of the Airport Access Modes ... 


For example, the emission rate of СО» (Carbon Dioxide), CH, (Methane), and 
NO, (Nitrogen Dioxide) from burning diesel fuel is: 2.7 kgCO;/l, 0.153 g/l, and 
0.102 g/l (I—litre), respectively IPCC 2017). 


(b) Land Use 


The land used by bus transport services operated between a given urban district 
(CBD) and the airport serving it mainly relates to that for buses to stop at the 
intermediate stops along the line and/or park at the end stations/terminals. In 
general, the size of this area based on Eq. 5.64b can be estimated as follows: 


LU, = Ny: Ap = А: TH Аь (5.75) 


N, is the number of places for buses to stop at the intermediate stops along the line 
and/or on platforms/gates at the end stations/terminals; 

A» is the size of stop and/or platform/gate for a single vehicle/bus (m?); 

Ay is the intensity of demand for stops at the intermediate stations along the line 
and/or at the platforms/gates at the end stations/terminals (buses/h); and 

ть is the average stop or parking time at the intermediate stations of the line and at 
the platforms/gates at the end stations/terminals, respectively (min; h). 


In particular, at the end stations/terminals, the additional area of land for bus 
manoeuvring needs and the long-term parking needs to be provided. 


5.3.2.6 Social Performances 


The indicators of social performances of bus systems operating between a given 
urban district (CBD) and the airport serving are as follows: (a) noise, (b) conges- 
tion, and (c) traffic incidents/accidents (safety). 


(a) Noise 


The Leq (Equivalent Noise Level) from buses is obtained by the FHWA model 
similarly as that of cars and vans (see Eq. 5.59b). The distinction is in the basic/ 
reference noise level (Lo(v)) which is equal to (https://www.fhwa.dot.gov/ 
environment/noise/traffic noise model/): 


Lo(v) = 8.873 + 41.378 - logio v (5.76) 
where 


v is the bus average operating speed (km/h). 


Figure 5.38 shows the relationship between the basic/reference noise level 
(Lo(v)) and the speed of buses according to FHWA. 
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Fig. 5.38 Relationship between the basic/reference noise level and the average speed of buses and 
cars/taxis (according to FHWA) 


As can be seen, the basic/reference noise level (Lo(v)) from buses increases with 
speed at decreasing rate as measured at the distance of 10 m from the centre of the 
lane. As expected, in the given case, the buses are noisier than car/taxis. 


(b) Congestion 


When operating along the dedicated road lanes (similarly or as the BRT systems), 
the buses carrying out transport services to/from the airport do not cause congestion 
to other traffic, and vice versa. Otherwise, they can contribute to the overall traffic 
congestion by affecting the lane “ultimate” capacity by the above-mentioned factor 
PCE (Passenger Car Equivalent) (PCE = 2) (see Table 5.4). 


(c) Traffic incidents/accidents (i.e. safety) 


Similarly as at cars and vans, the number of perceived incidents/accidents of bus 
services operating between a given urban district (CDB) and the airport serving it 
during a given period of time can be estimated as follows: 


пъ Јас = асьу: "№ * Ap +» Sp - 2L (5.77) 
where 


асьт is the bus incidents accident rate (events/p-km). 


The other symbols are analogous to those in the previous equations. 
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5.4 Modelling Performances of the Rail-Based Mode 
and Its Systems 


5.4.1 General 


Similarly as its road-based counterparts, the performances of rail-based airport 
landside access modes and their systems are categorized as infrastructural, tech- 
nical/technological, operational, economic, environmental, and social. Due to 
having similar components and principles of operations, the performances of rail- 
based systems such as streetcar and LRT, subway/metro, regional/conventional rail, 
HSR (High-Speed Rail), TRM (TransRapid Maglev), and HL (Hyperloop) system 
are generically similar. This enables their modelling in more general rather than on 
the system-by-system basis. Anyway, this implies developing the analytical models 
for quantifying their indicators as quantitative measures with the necessary modi- 
fications respecting specificity of the system. Under such circumstances, the in- 
frastructure of all considered systems is called "rail lines" and "rail stations", and 
the vehicles are called "trains". 


5.4.2 Infrastructural Performances 


The indicators of the infrastructural performances of the rail-based systems are the 
"ultimate" and "practical" traffic capacity of (a) rail lines and (b) rail stations. The 
traffic capacity relates to only counting vehicles/trains in the given context along the 
lines and at the stations/terminals. 


5.4.2.1 Rail Lines 


(a) "Ultimate" traffic capacity 


The “ultimate” traffic capacity of a given rail line is defined by the maximum 
number of trains, which can pass safely through the selected "reference location" on 
the line where it is counted under given conditions, i.e. usually constant demand for 
service (Janić 1984; Parkinson and Fisher 1996). In this case, the “reference 
location" is usual the bottleneck segment of the line, i.e. that one occupied by a 
single train for the longest time. This can also be the minimum separation, i.e. 
headway, between successive trains enabling that if a leading train suddenly stops, 
the following train has to be able to stop by nominal deceleration rate before 
reaching the location of the stopped (leading) train. As mentioned in Chap. 4, the 
rail lines are equipped by different traffic/train control and management systems 
aiming at permanently maintaining the safe separation, i.e. head ways, between 
successive trains moving in the same direction. In general, these can be the fixed 
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Fig. 5.39 Scheme of the fixed block signalling system on a given single rail line 


block system signalling system or the “minimum dynamic headway” based on the 
minimum braking distance supported, for example, by the ERTMS (European Rail 
Traffic Management System—Level 1 and/or 2). 

At the fixed block system, each segment of a given line is divided by the 
wayside signals into the smaller sections called fixed block sections. The signals are 
located at the block boundaries (i.e. automatic block section). Regulation of way- 
side signals, which indicate whether a train is allowed to head out onto a certain 
track section, is carried out automatically when trains pass signals. Figure 5.39 
shows a simplified scheme of operating the signalling system for the trains moving 
in the same direction along a single line. 

The standard characteristic of this signalling system is the three-aspect (green, 
yellow, red) fixed block signalling. In case of a pair of trains (i) and (j), a train 
(j) may enter a block section only after the train (7) ahead has completely cleared the 
block section and is protected by a stop (red light) signal. The red signal on 
Fig. 5.39 means that the subsequent block section is either occupied by another 
train or out of service, the yellow signal means that the subsequent block section is 
empty but the following block section is still occupied by another train, and the 
green signal indicates that the next two block sections are empty. In addition, the 
given rail line is usually equipped with the centralized traffic control enabling the 
train dispatcher to monitor and control the train movements. Based on the 
knowledge of train positions along the line and the occupancy of particular sections, 
the dispatcher may instruct train drivers independently of the scheduled time and 
requiring speed regulation. Under such circumstances, the model of the “ultimate” 
capacity of a given rail line implies counting of the number of trains passing the 
bottleneck segment during the specified period of time (1 h or 24 h) under constant 
demand for service. One modification of the UIC (The International Union of 
Railway) single track line capacity model is the one in which the capacity is not 
related to the timetables. In this model, the “ultimate” capacity of a given rail line is 
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Fig. 5.40 Time-space diagram of separating two sucecsive trains operating in the same direction 
of a given line 


expressed by the maximum number of trains, which can be served on the bottleneck 
segment during a given period of time. It can be estimated as follows (Janić, 1984): 


(т) = т/а (5.78) 


where 


T is the time interval for which capacity is estimated (h, day); and 
tmin is the minimum average time separation between successive trains operating 
in the same direction along a given line (min). 


The minimum average time separation, i.e. the headway, (fmin) in Eq. 5.78 can 
be estimated by assuming that the successive vehicles/trains of the same category 
(e.g. in this case streetcar/tramway, LRT (Light Rail Transit) or regional/intercity 
conventional) operate at the approximately same speed along the given line. 
Figure 5.40 shows the simplified time-space diagram. 

Under such conditions, the time (fmin) is equal to: 


tmin = tij/min = ij/min/ Vj = [max (2 2 BS; d) + Bi]/vj (5.79) 


where 


BS is the length of block section (km); 
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Fig. 5.41 Scheme of the separation of trains based on the braking distance 


d is the length of a bottleneck segment of the line measured by the distance 
between its end stations/sidings (km); 

v; is the average speed of the following train (j) in the sequence of successive 
trains (ij); and 

B; 15 the buffer distance behind the train (i) (m). 


The minimum separation between successive trains operating in the same 
direction is determined by the minimum braking distance of the following train 
(j) in the sequence of two trains (ij) as shown in Fig. 5.41. 

The minimum distance between trains (i) and (j) in Fig. 5.41 includes the dis- 
tance, which train (j) passes before activating the breaks (b,) and decelerating until 


the stop (ВР), the buffer distance behind the train (i), and the length of train (7), (/;), 
as follows: 


ii тїп = bj 4- BDj + Bi + li (5.802) 


In Eq. 5.80a, the active breaking distance (BD,) is determined as follows: 


BD, — 2 ; а) (5.80) 
where 


aj isthe constant deceleration rate of the following train (7) in the sequence trains 
(ij) (m/s^); and 


v; is the cruising speed of the following train (j) in the sequence trains (ij) when 
the brakes are activated (km/h). 
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Fig. 5.42 Relationships between the “ultimate” capacity of a HSR line based on the “technical 


headway" between trains and their maximum operating speed 


From Eqs. 5.80а, 5.80b, the minimum time separation, ie. the headway, 
between trains (7) and (j) is estimated as follows: 





BB. Вне Бу. VNDE URL 
Vj Vi Vj 2:aj Vi 


(5.80c) 


fijJmin = 


where all symbols are analogous to those in the previous equations. 

The time (fimin) in Eq. 5.80c is called the “technical headway”. Based on 
Eq. 5.80c, the corresponding line capacity can be estimated by Eq. 5.78. 
Figure 5.42 shows an example of the relationship between the "ultimate" capacity 
of a given HSR line based on the "technical headway" between trains and their 
maximum operating speed. 

As can be seen, this capacity, for the constant deceleration rate, decreases in 
proportion with increasing of the train maximum operating speed, and vice versa. In 
practice, the UIC (International Union of Railways) recommends that the actual 
capacity should be about 75% of that based on the "technical headway" (Connor 
2011). These numbers on Fig. 5.42 are 14—18 and 22-26 trains/h, respectively. 
Nevertheless, the typical capacity of an open HSR line has considered to be: 
ш = 13-15 trains/h.! 

Using the above-mentioned analogy, the “ultimate” capacity of the other rail- 
based systems such as the streetcar/tramway and LRT system would be influenced 
by the minimum braking distance/time factor (v;/2 - a; ) in Eq. 5.80c. For example, 
if the regular speed of a tramway/streetcar or a LRT train is: v; = 30 km/h and the 
regular deceleration rate: a; — 1.2 m/s”, the minimum time separation between 





'For example, the number of HS (High Speed) Shinkansen “Nozomi” services (Japan) during the 
peak hours has been scheduled to be 10 dep/h. 
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successive trains along the line will be: м © 3.47 s (s—seconds), and the 
corresponding capacity: ш(т) = 1036 veh/h. Under the hypothetical conditions, for 
the metro systems operating at the speed of: v; = 78 km/h and the deceleration rate: 
aj = 14 m/s’, the minimum time between successive trains would be: l/min 
7.8 s and the corresponding capacity: u(t) & 465 veh/h (Vuchic 2005). The 
"ultimate" capacity of the metro, regional/intercity conventional rail system could 
be considered as being mainly influenced by the factor (max|2- BS;d]/vj) in 
Eq. 5.79. Similarly as in the case of HSR, the “ultimate” line capacity of TRM and 
HL system would be substantively if not mainly influenced by the factor 


(v /2- aj) in Eq. 5.80c. In any case, the cruising speed of the following train (j) in 


the sequence of two trains (ij) appears important if not crucial. For example, at 
ТКМ system operating at the speed of: v; = 450 km/h and deceleration rate of: 
а; = 0.3 m/s”, the “technical headway” would be approximately: tijmin © 3.5 min, 
and the corresponding line capacity: u(t) z 17 veh/h (т = 1h). At the HL 
(Hyperloop) system operating at the speed of about у; = 1000 km/h and 
deceleration rate of: а; = 0.5 m/s”, the “technical headway” would be approxi- 
mately: timin = 4.63 min, and the corresponding line/tube capacity: u(t) ~ 13 
veh/h (т = 1 h). At the deceleration rate of: a; = 0.3 m/s”, its “technical headway” 
would be approximately: timin ^ 7.7 min, and the corresponding capacity: 
ш(т) & 8 veh/h (т = 1 h). In general, it can be said that at the rail-based systems 
controlled by the fixed block signalling system, the “ultimate” capacity will 
increase with increasing of the train speed. At the systems where the separation 
between vehicles/trains is controlled by the minimum braking distance, the “ulti- 
mate” capacity of the single line is expected to decrease. 


(b) “Practical” traffic capacity 


The “practical” traffic capacity of a given rail line is defined as the maximum 
number of trains, which can be accommodated during the specified period of time 
under conditions when each of them is imposed an average delay (Janić 1988). In 
this case, the trains of equal priority could “compete” to use the same segment of a 
given line, interfere, and consequently impose delays on each other. Under regular 
operating conditions, the above-mentioned separation rules and stability of carrying 
out the timetable prevent the mutual interferences between these trains. This implies 
that the maximum permissible delay of the leading train is defined in a way not to 
cause an additional delay of the following train in any sequence of two trains. In 
some way, this indicates that the “practical” capacity of a given rail line is equal to 
its “ultimate” capacity. However, if the bottleneck segment of the given single track 
line is considered as a server of the queueing system, one of the single server 
queuing models in Eqs. 5.50a—5.50c can be used to estimate the average delay 
imposed on a train operating there. If this delay is specified in advance, then this 
follows (Teodorović and Janić 2016): 
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A fu 


w= (и) 5 


апа 2*< (2. u: w*)/(2w* + 1/p) (5.81) 


where 


w* is the maximum specified delay imposed on a single train (h) (w* > 0); and 
u is the “ultimate” capacity of a given rail line (trains/h). 


In Eq. 5.81, the "practical" capacity of a given rail line (A* = и*) represents the 
limited intensity of arriving trains, which given the average service rate, guarantees 
that each of them will not be imposed the average delay longer than that specified in 
advance. 


5.4.2.2 Rail Stations/Terminals 


(a) "Ultimate" traffic capacity 


The “ultimate” traffic capacity of the rail stations along the line and its ends can be 
defined by the maximum number of trains, which can be served during a given 
period of time (1 h or 24 h) under conditions of constant demand for service. 


(i) The line station 


Consider a pair of trains (ij) arriving from the same direction at a station [(7) is the 
leading and (J) is trailing train in the pair). If the train (i) is to stop and the train (j) is 
to pass through the station, the "reference location" for counting the number of 
passing trains, i.e. calculating the “ultimate” capacity, can be the exit signal of the 
station. In this case, this capacity can be estimated as follows (Janić 2014): 


(7) = G/ ts fein (5.82a) 


where 


li/ls/miy is the minimum average time interval between passing successive trains 
(i) and (j) through the station in the same direction (min). 


The minimum average time (25 Jis жй) in Eq. 5.82a сап be estimated as follows: 
The leading train (7) after being dispatched from the station should be at least at the 
distance of two block segments or at the minimum braking distance of the trailing 
train (j) at the moment when it arrives at the exit signal of the station. In such case, 
the time (tj /is йй) can generally be extended by the dwell time of the train (i) at the 
station as follows: 


Тулуп = At; + max [e - BS + Bi) /vi v;/(2 ау) (5.82b) 


where 
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At; is the dwell time of the leading train (i) at the station (min). 


The other symbols are analogous to those in the previous equations. 

At the most rail systems, the dwell time Ат; at the stations along an open line is 
typically about: At; = 1,2, or 3 min, and at the stations at airports about: At; = 
3—5 min. These latter times are longer mainly due to enabling users-air passengers— 
to handle their baggage. In both cases this time also includes the time for closing the 
doors, setting up the conflict-free exit path, and dispatching the leading train (7). 


(1) End station/terminal 


The "ultimate" traffic capacity of an end station/terminal can be estimated similarly 
as in Eq. 5.82a. In this case, the minimum average time interval at which the 
successive trains (7) and (j) arrive at the entry signal of a given end station/terminal, 
(tns Juss) (min) as the "reference location" for their counting can be estimated as 
follows (Janić 1984; 2014): 


угут = Ату + Any + max | (2+ В5+ Bj) /vi vj Q ау) (5.82с) 


where 


Aij is the time for changing the route of trains (i) and (j) arriving at the end 
station/terminus of the given line/route (typically 10 s); and 

At, 15 the time of blocking the entrance of end station/terminal by the other trains 
(typically 25 s) (s—second). 


The other symbols are analogous to those in the previous equations. 
(iii) Begin station/terminal 


The “ultimate” traffic capacity of a begin station/terminal can be estimated similarly as 
in Eq. 5.82a. In this case, the minimum average time interval between passing the exit 
signal by the successive trains (i) and (j) as the “reference location" of a given station/ 
terminal, (tj / уй) (min) can be estimated as follows (Јапіс 1984, 2014): 


li/os/min = MAX le : BS + Bi) vis vj/ (2 + a; ); Ату, + Атуш + Ату + tja (5.82d) 


where 


Ату is the time for setting the exit path for the trailing train (j) in a given 
departing sequence (ij) (usually 10 s); 

Атуу is the time for setting the green light for trailing train (j) in a given departing 
sequence (ij) (usually 25 s); 

Атусг is the time of blocking exit of the station/terminus for departing trailing 
train (j) by other incoming and outgoing trains (usually 60—75 s); and 


324 5 Modelling Performances of the Airport Access Modes ... 


Атууа is the dispatching time of the trailing train (j) in a given departing sequence 
(ij) (usually 30 s). 


The other symbols are analogous to those in the previous equations. 

Equation 5.82d indicates that the minimum time between departures of the 
successive trains (7) and (j) from the begin station/terminal should be set up as the 
maximum of three time intervals: the time, which the leading train (7) needs to be at 
the distance of two blocks, the minimum braking distance of the trailing train (j), or 
the time for setting up a safe departure path for the trailing train (j). 

In addition, the required number of tracks at the any station/terminals can be 
determined as the product of the above-mentioned “ultimate” capacity (Eq. 5.822) 
and the average time of occupying a single track? as follows: 


Ns = 2+ ys) ` Tus (5.82e) 


where 


т isthe time unit (usually 1 h or 24 h); and 
Tys is the average train's turnaround time at a given station/terminal (min). 


The first term in Eq. 5.82e indicates the minimum required number of tracks 
anyway. The second term indicates the required number of tracks for handling the 
given volume of train traffic. Consequently, the *ultimate" capacity of the given rail 
station can be also determined as: 


Шу = (Ns m 2) /Tr/s (5.82f) 


For example, the central station in Tokyo (Japan), which accommodates the 
Shinkansen rail passenger trains (Fig. 4.57b in Chap. 4) has: №, = 4 tracks for 
handling traffic (not counting 2 additional tracks). The average train turnaround 
time includes the time for dis-boarding arriving passengers (about 4 min), time for 
cleaning and inspecting the train (12 min) and the time of boarding departing 
passengers (about 4 min), which gives: т, = 20 min and the station's “ultimate” 
capacity during the period of: т = 1 h of: ш,„(т) = 4/(20/60) = 12 trains/h. For the 
average train's turnaround time of: t, = 12 min, the “ultimate” capacity of the 
station will be: f(t) = 4/(12/60) = 20 trains/h. In any case, the “ultimate” 
capacities of the rail line and of stations need to in balance in order to avoid creation 
of bottlenecks. 





2 At the regional/intercity conventional and HSR rail system, this time is used for disembarking the 
incoming passengers and their baggage, cleaning interior of the trains, replenishing water, restock, 
king victuals, changing the crew, and embarking the outgoing passengers and their baggage. For 
example, this time is typically about 20 min at most HSR systems. In Japanese HSR system 
(Shinkansen), it is about 12 min. 
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(c) “Practical” traffic capacity 


The “practical” traffic capacity of the rail stations is defined as the maximum 
number of trains, which can be accommodated during the specified period of time 
under conditions when each of them is imposed an average delay (Janić 1988). In 
this case, the trains of equal priority could “intend” to use tracks at a given station/ 
terminal, eventually interfere, and consequently impose delays on each other. 
However, under regular operating conditions such interferences between trains 
arriving at and departing from a given station/terminal and mutually imposed delays 
are prevented by the above-mentioned separation rules and stability of carrying out 
the timetable. Therefore, again, it can be said that under such conditions, the 
“practical” capacity of these stations/terminals is equal to their “ultimate” capacity. 
The "practical" capacity of the rail stations can be estimated similarly as that of the 
rail lines (Eq. 5.82). For example, in case of the Tokyo Shinkansen station, if the 
“ultimate” capacity is: uj,(t) = 12 trains/h and the maximum allowed delay: 
w* = 8.0 min, the "practical" capacity of the station will be constrained to: 
A = ш = [2-12 - (8/60)]/[2 - (8/60) + (1/12)] ~ 9 (trains/h). 


5.4.3 Technical/Technological Performances 


These have been elaborated in Chap. 4. 


5.4.4 Operational Performances 


Similarly as the road-based bus systems, the operational performances of the rail- 
based systems connecting a given urban district (CDB) and an airport include the 
indicators such as: (a) time-space diagram reflecting scheduling trains along the line 
overtime; (b) quality of service, (c) line capacity; (d) transport work and technical 
productivity or productive capacity; (e) required train fleet; and (f) user travel time. 


(a) Time—space diagram 


АП above-mentioned rail-based systems operate according to the schedule, which is 
planned in advance. In general, the information on transport service frequencies and 
the arrival/departure times at the stations along a given line are contained there. The 
graphical form of representing the schedule is the time-space diagram, which is 
similar to that as at the bus systems (see Fig. 5.33). 


(b) Quality of service 


The quality of service is characterized by the indicators such as: (1) travel time along 
the line; (ii) transport service frequency; (iii) reliability and punctuality of services. 
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(i) Travel time 


The above-mentioned scheduling of transport services overtime is based on the 
operating regime of each train along a given line (see Fig. 5.34). Based on 
Eq. 5.66a, the turnaround time of a train along a given line can be estimated 
similarly as that of a bus as follows: 


K-1 K-2 K-1 
1 v 
ti = To t2- › (5 + *) + › Tsk+Ta and L= › I (5.83a) 
pa we E k=l k=l 


where 


K is the number of intermediate stations along a given line where a trains stops 
including the begin and end one; 

L is the length of line consisting of (K — 1) segments between intermediate 
stations (km); 

lk is the length of the (k)th interstation segment of a line (km); 


To tq is the average turnaround time of a trains at the begin and end station of a 
line, respectively (min); 
Tk is the time of a train stop at ће (Ki)th intermediate station along a line (min); 


Vi is the operating speed of a train along the (&)th interstation segment of a line 
(km/h); and 
dj is the nominal train's acceleration/deceleration rate along the (А) 


interstation segment of a line (m/s?). 


From Eq. 5.83a, the average speed along the line during the bus turnaround time 
is equal to: 


y = 2//т (5.83b) 


where all symbols are analogous to those in the previous equations. 

The train's turnaround time (1,4) increases with increasing of the operating time 
along the line (the ratio between the length of line/route and the operating speed), 
the number and duration of intermediate stops, all-in both directions, including 
those at the begin and end station/terminal, and vice versa. 


(i) Transport service frequency 


The transport service frequency supplied along a given rail line represents the 
number of train departures during a given period of time and can be estimated as 
follows (Vuchic 2007): 


fin) = min |ui): ns): Qn / (OC) + S| (5.84) 
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where 


т is the time of scheduling transport service frequency (1 h or 24 h) (h— 
hour); 

Q(T) is the expected user/passenger demand on a given rail line during time (т) 
(p/h) [p—passenger(s)]; 

0,1) is the average expected load factor of all trains scheduled on a given line 
during time (т) (0(т) < 1.0); and 

S. is the space capacity of a train operating on a given line (sp/train) (sp— 
space—seat or standing). 


The other symbols are analogous to hose in the previous equations. 

Equation 5.84 implies that all trains scheduled on a given line are of the same 
space capacity. In addition, the transport service frequency cannot be higher than 
the “ultimate” or “practical” capacity of a given line and stations along it includes 
the begin and end station/terminal. 


(ш) Reliability and punctuality of services 


The reliability is expressed as the ratio between the number of realized and planned 
rail services along a given line or a network during a given period of time. It can be 
expressed as follows: 


RE,(t) = feje(t)/Fe/p(1) (5.85а) 


where 


Fuc(t), F(t) is the number of realized and planned service frequencies, respec- 
tively, during time (1) (dep/h or 24 h). 


The punctuality is expressed as the ratio between the number of delayed and 
on-time rail services along a given line or a network during a given period of time. 
It can be expressed as follows: 


PU; (t) = fya(t)/Feja(2) (5.85b) 


where 


faalt), Fya(t) is the number of delayed and on-time rail service frequencies, 
respectively, during time (1) (dep/h or 24 h). 


Nevertheless, the already mentioned figures indicate that both reliability and 
punctuality of the rail-based and particularly of the HSR systems worldwide have 
been very and in some cases extremely high (The latter is the example of Japanese 
HSR system (see also Chap. 4). 
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(c) Line capacity 


A given rail line can be characterized by traffic and transport capacity. The traffic 
capacity has already been elaborated. The transport capacity of a given line can be 
expressed by the product of the traffic capacity and the average size (space capacity) 
of trains scheduled along a given line during a given period of time. Given the line 
traffic capacity as the maximum possible transport service frequency and the 
number of spaces (seating and standing) per service/train (Sj), the line transport 
capacity in terms of the number of offered spaces in a single line direction during 
given period of time (т) based on Eq. 5.84 is equal to: 


LTC,(t) = утах (Т) Sr (5.86) 


For example, if the maximum service frequency along a given line is: fon 
max(T) = 10 trains/h, and the number of spaces: S, = 145/train (6—car metro train), 
the line capacity will be: LTC,(t) = 1450 spaces/h (Vuchic 2007). 


(d) Transport work and productivity 


The transport work and productivity of a given rail line can be calculated for the 
supply and demand side. On the supply side, it counts the total offered number of 
spaces during a given period of time. On the demand side it counts the total number 
of used spaces under the same conditions. Based on Eq. 5.86, the transport work on 
a given line for the supply side and demand in terms of (s-km/h) (seat-kilometres 
per hour) and (p-km/h) (passenger-kilometres per hour), respectively, can be cal- 
culated as follows (Vuchic 2007): 


TWri(t) = (т) - Sr L (5.87a) 
and 
TWro(t) = Qali) L = falt) : Өл SL (5.87b) 
where all symbols are analogous to those in the previous equations. 

Similarly, the technical productivity productive capacity of both supply and 
demand side of a given line in both directions expressed by the volumes of seat-km/h? 
and p-km/h’, respectively, is calculated as follows: 

TPri(t) = 2-fin(1) Se V (5.88а) 
апа 
TP (x) =2 f(x) ` бл\(т) i Si Vr (5.88b) 
where all symbols are analogous to those in the previous equations. 


As can be seen, the transport work increases with increasing of the length of line, 
transport service frequency, the space capacity per frequency, and the average load 
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factor. The productivity increases with increasing of the transport service fre- 
quency, space capacity, the average load factor, and the average train operating 
speed, and vice versa. For example, for the HS trains, each with the seat capacity of: 
S, = 485 seats and the average load factor: 0 = 0.80, operating along the line of: 
L = 500 km at the operating speed of: v, = 300 km/h and the service frequency in 
the single direction of: fj (T) = 15 trains/h, the transport work on the line’s demand 
and supply side during the period of 1 h, will be: ТҮ, (т) = 15 · 500 · 485 = 
3,637,500 (s-km) апа ТИ (т)= 15 · 500 · 485 - 0.80 = 2,910,000 (p-km), 
respectively. The corresponding productivity under the same conditions will be: 
ТР = 15 · 485 - 300 = 2,182,500 (s-km/h?), and ТР, = 15 · 485 - 0.80 · 300 = 
1,746,000 (p-km/h’), respectively. 


(e) Required rolling stock/fleet 


The capacity of rail rolling stock/fleet reflects its size expressed by the number of 
trains of a given space capacity required to operate under conditions specified by 
the timetable. As mentioned above, these conditions are usually characterized by 
the service frequency during a given period of time (h, day) and the trains’ turn- 
around time along a given line. Based on Eq. 5.40, the required number of rolling 
stocks/trains to carry out at the specified service frequency on a given line is 
estimated as follows (Janić 2014; Vuchic 2007): 


RF,(t) = (т) тл (5.89) 


where all symbols are analogous to those in the previous equations. 

For example, if the service frequency on a given line is: f,,(t) = 15 trains/h, and 
if the average turnaround time per train: 1,4 = 2 h, the required number of trains will 
be: АЕ (т) = 15: 2 = 30. 


(f) User travel time 


Under an assumption that users/air passengers, aviation and airport employees 
arrive at the rail station/terminal at either side of the line uniformly distributed 
between any two successive train departures during time (t), their waiting for the 
nearest departure called the “schedule delay” can be estimated as follows: 


SD,(t) = 1/4-[t/f(t)] ог SD,(t) = 1/2- [c/f,(2)] (5.90a) 


Then, the total travel time between two end stations terminals of a line, based on 
the second term of Eq. 5.90a will be: 


K-1 1 К—2 
тур = 1/2- [e/o] + у, (5 + 2) tus (5.90b) 
k=1 k=1 


where symbols are in the previous equations. 
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5.4.5 Economic Performances 


The economic performances of the rail-based systems can be considered separately 
for providers of infrastructure and transport services. The indicators of these per- 
formances of the rail-based systems operating between airports and their catchment 
areas can be: (a) costs; and (b) revenues. Their difference is profits, which are 
positive if revenues are higher than costs and negative, if vice versa. In most cases, 
the costs, revenues, and profits have usually been estimated by using the real-life 
data, which have been found on different levels of aggregation. 


(a) Costs 


The costs of the rail infrastructure and transport service providers/operators can be 
the total and the average costs. 


(1) Total costs 
The total costs of the rail provider of infrastructure or transport services during a 
given period of time (i.e. usually 1 year) can be expressed as follows: 


Cir = Суук + Cuv (5.91а) 


where 


Ск 15 the fixed cost of depreciation and capital maintenance, and administration 
of the rail infrastructure and/or a train fleet during a given period of time 
(year) ($US or € per year); 

Cyy is the operating costs of rail infrastructure (regular maintenance) and/or of 
train fleet (energy, maintenance, staff, infrastructure charges) during a given 
period of time (year) ((SUS or € per year). 


(ii) Average costs 


For the train fleet, the average costs per unit of input (space-km) and/or per unit of 
output (p-km) are equal to: 


e Per unit of input: (SUS/sp-km) 





ёл = Сд (5.916) 
365 - Ат. (Ат) - S, - 2L 
e Per unit of output: (SUS/p-km) 
С, 
буо = HE (5.91с) 





365 - Ат. (Лт) - 0, - Sp- 2L 
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where 


At is the time during a day the rail transport services are provided (h/day); 

/ХАт) is the transport service frequency in a single direction of a line during the 
time (At) (dep/unit of time); 

S. is the number of offered spaces per frequency (spaces/dep); 

0. is the average load factor; and 

L is the length of line (km). 


Equations 5.91b and 5.91c suggest that the average cost per unit of output of a 
given rail operator's fleet decreases with increasing of the volume of its output 
during a given period of time. In particular, the operating costs of the rail service 
between an airport and its catchment area ($US) can be expressed as follows: 


GL) == (cing + Се ny) -L (5.91d) 


where 


Cinf is the infrastructure fee ($US/km); 

Cc, is the average operating cost per rail car (energy, staff, maintenance, etc.); 
(SUS/km); 

n, is the number of cars per train (-/train); and 

L  isthe length of line (km). 


From Eq. 5.91d, the average operating costs per input and output along the line 
(L) are, respectively, as follows: 


e Per unit of input: (SUS/s-km) 


&л = C(L)/ (n. 5) (5.91е) 


апа 


e Per unit of output: (SUS/p-km) 


Go = С.) (т - 8, + Se) (5.91f) 


where 

S, is the space capacity per train car (spaces/car); and 
0. is the average load factor of a rail car. 

(b) The costs of transporting a user/passenger 


Based on Eq. 5.91f, the costs for transporting a user/air passenger or an airport or 
aviation employee on the given line can be estimated as follows: 
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Cr/p(L) = Cri Г (5.918) 


where all symbols аге analogous to those іп the previous equations. 


5.4.6 Environmental Performances 


The environmental performances of the rail-based system can be represented by: 
(a) energy consumption and related emissions of GHG; and (b) land use. 


(a) Energy consumption and emissions of GHG (Greenhouse Gases) 


Estimation of the energy consumption for the electrically-powered rail-based sys- 
tems and related emissions of GHG (Greenhouse Gases) are considered to come 
exclusively from operations of vehicles/trains (streetcars/tramways and LRT, 
subways/metros, conventional and HS and TRM trains, and HL and PRT capsules/ 
pods). This implies exclusion of the energy consumed for building the infrastructure 
(lines), and manufacturing the supporting facilities and equipment and rolling stock 
(trains) (ATOC 2009; Jong and Chang 2005; UIC 20102). 

The energy consumption of any of the above-mentioned trains/capsules/pods 
operating between any pair of stops/stations without intermediate stops generally 
includes that for acceleration, cruising, and deceleration. In all three phases, energy 
is used for overcoming rolling, aerodynamic, gradient and, at the TRM and HL 
(Hyperloop) system, levitation force. As well, the energy is consumed for powering 
the equipment on board the trains. In particular, during the acceleration phase of a 
trip the electric energy is converted into the kinetic energy at an amount propor- 
tional to the product of the train's mass and the square of its speed(s). A part of this 
energy recovers during deceleration phase means by the regenerative breaking 
before the train's stop. During the cruising phase of a trip, the trains mainly con- 
sume energy to overcome the rolling/mechanical and the aerodynamic resistance. 

Under such conditions, the total energy consumed exclusively for the train's 
operation can be estimated as follows: 


Eror = Еул + Ec + Еур (J) (5.92а) 
where 


Eja = 0.5. Qror 2 + (1 — ko) - (1 — kı) - Отот. G- h+ (ko: Св · Отот G+0.5+ С, 
p: A- Vi Ку. Отот G sinda) -la (J) 
(5.92b) 
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1 


5 CL: p- A- V + 


Eje = (0k) (1-4) Oros Ge (Io Gx Oror:G+ 


Отот С ѕіп о.) + (L— la — la) (J) 
(5.92с) 


Ер = (1 — n) -0.5- Qror - v? + (1 — ko) - (1 Ki) Отот: G- hi — (Ko* Св: Отот: С 
405-C,-p-A- v3 a Отот. G- sin ga) -la (J) 
(5.924) 


where 


Отот is the total mass of a vehicle/train (or HL capsule) (kg); 

Vy Ve Уа is the speed of a vehicle/train (or HL capsule) during acceleration, 
cruising, and deceleration, respectively (m/s); 

Cr, Cj, is the coefficient of rolling and aerodynamic resistance, respectively; 


G is the gravitational constant (m/s?); 
p is the air density (kg/m); 
A is the frontal area of a vehicle/train or HL capsule (m?); 


Ха, Xo Фа is the gradient angle of the guideway (or HL tube) segments where 
acceleration, cruising, and deceleration are performed, respectively (°); 


L is the length of line (m); 

l4 la is the acceleration and deceleration distance of a vehicle/train or HL 
capsule (m); 

h is the height of levitation of a TRM train or HL capsule above the floor 
of the guideway (tube) (m); 

ko, ky is a binary variable taking the value “1” if a train/vehicle is levitating 
(i.e. ТЕМ or HL) and the value “0”, otherwise; 

n is the proportion of the amount of kinetic energy during deceleration 
saved by the regenerative breaking (7 < 1.0) (usually у ~ 0.10-0.25); 
and 

J is joule (kg m?/s?). 


In Eq. 5.92, the total mass of a vehicle/train (Отот) includes its empty mass and 
the mass of payload—users/passengers and their baggage, and/or freight/cargo. The 
coefficient of rolling resistance is equal to: Cg = b/R, where b is the coefficient of 
rolling friction and К is the radius of the vehicle/train wheel. For the steel-on-steel 
friction: b = 0.0005 m апа R is in (m) (m—metre). At TRM and HL system, 
Cg = 0 due to levitation. The coefficient of aerodynamic resistance (Cg) depends on 
the shape of vehicle/train frontal area. For example, for a cube shape such as that of 
these vehicles/trains, Сү = 1.05. The gravitational constant is: G = 9.81 m/s”. The 
air density at the standard (sea-level) atmospheric pressure of 760 mmHg is: 
p = 1.225 kg/m?. The acceleration an deceleration distance of a vehicle/train is 
estimated as follows: l, = v2/2- a* and lą = v2/2- a^, where а? and а are ће 
acceleration and deceleration rates, respectively, (m/s?). When estimating the 
energy consumption by TRM and/or HL system, the coefficients kọ = kı = O in 
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Eq. 5.92 thus indicating the absence of rolling resistance due to levitation (Musk 
2013). 

Alternatively, the energy consumption of the above-mentioned trains can be 
estimated by using Davis’s equation of the total resistance force as follows 
(Rochard and Schmidt 2000): 


F=Fyt+Fa=(at+b-v)-Qt+e-v (5.93) 


where 


Fw, Fa аге the rolling/mechanical and aerodynamic resistance force, respectively, 
(N) (N—Newton); 

Q is the mass of a train (tons); 

y is the operating/cruising speed of a train (km/h); and 

а, b,c аге the experimentally estimated coefficients. 


As can be seen, the aerodynamic resistance force generally increases with the 
square of operating/cruising speed. The rolling mechanical resistance increases 
linearly with increasing of this speed and weight of a train. For example, some 
experiments carried out for Shinkansen Series 100 HS trains estimated the total 
resistance force depending on the cruising/operating speed as follows: 
F(v) = 8.202 + 0.10656 - v + 0.00116232 - v” (F(v) іп kN and v in m/s) (EN— 
kilo-Newton) (Rochard and Schmidt, 2000; UIC 20102). The above-mentioned 
relationship emphasizes importance of reducing both the weight of train and its 
aerodynamic resistance in order to achieve savings in the energy consumption 
during the longest phase of trip—cruising at high speed. By multiplying the re- 
sistance force by the travel distance between two stops/stations, the energy con- 
sumed for such a trip can be estimated. 

The energy consumption by different types trains operated by different rail-based 
systems have changed overtime, just thanks to the permanent improvements of their 
both (aerodynamic and weight) characteristics and operations. In order to compare 
the energy consumption of trains operated by different systems and different trains 
operated by the same system, it has been measured experimentally and usually 
expressed per unit of input (sp-km) or output (p-km). For a single train, based on 
Eq. 5.92a, it is equal to: 


Ein = Eror/(Sr E L) or Eo = Етот/ (0 $ $, 3 L) (5.942) 


where all symbols are analogous to those in Eq. 5.92 (see also Chap. 4). 

The total corresponding emissions of GHG (kgCO,,) depend on the emissions 
from the primary sources for producing electric energy powering electric trains in 
the above-mentioned systems. Based on Eq. 5.92a, this can be estimated as follows: 
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K 
EM, = 2.77778 .107Е,тот · У ri(kgCO».) (5.94) 
k=1 


where 


ry is the emission rate of the (k)th type GHG (kg/kWh) (1J = 2.77778. 107 kWh) 
(К 2 1, 2, ..., К); and 
К is the number of GHG considered. 


(b) Land use 


The infrastructure of the rail-based systems directly occupies much smaller area of 
land than its road-highway counterpart. For example, if the cross section of a given 
rail line is (D) and length (L), the total occupied land can be estimated as follows: 


LU, =L-D (5.95) 


For example, if: D = 25 m and L = 1 km line, the total area of directly taken 
land will be: LU, = 2.5 ha (ha—hectare). For a highway with three lanes in both 
directions whose total width is: D = 75 m and length: L = 1 km, the directly taken 
land will be: LU, = 7.5 ha. In addition, utilization of land taken by both modes is 
quite different. For example, the traffic capacity of HSR line in both directions is 
two times 12-14 trains/h, i.e. 24—28 trains/h. If each train carries about 600 pas- 
sengers, the intensity of land use will be: 24—28 - (600/2.5) 2 5760—6720 p/h-ha. 
In case of the above-mentioned highway with the capacity of: 6 - 2200 veh/h and 
the occupancy rate of: 1.7 p/car, the intensity of land use will be: [(6 - 2200)-(1.7/ 
4)]/7.5 = 748 p/h-ha, which is for about 8-9 times lower than that of HSR (UIC 
2010b). In addition, as shown in Chap. 4, the cross section of other rail-based 
systems is narrower for tramway/streetcar, LRT, regional/intercity conventional 
rail, and eventually HL, and generally wider for TRM. Consequently, the land taken 
by these systems and its utilization will depend on the length of corresponding 
lines, width of these cross sections, train capacities, and transport service 
frequencies. 


5.4.7 Social Performances 


The social performances of the rail-based systems can be expressed by indicators 
reflecting their: (a) noise; (b) congestion; and (c) traffic incidents/accidents (safety). 


(a) Noise 


The rail noise is primarily generated from five physical sources: (1) rolling noise 
(mainly the rail and track base vibration); (2) traction noise; (3) aerodynamic noise; 
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t-0 t, = (2-Dy/v 











Observer - Noise receiver 


Fig. 5.43 Scheme for estimating the noise exposure of an observer by a passing-by train (Janić 
and Vleugel 2012) 


(4) impact noise (from crossings, switches and junctions; and (5) noise due to 
additional effects such as bridges. The experienced noise mainly depends on its 
level generated by the source, i.e. passing-by trains, and their distance from an 
exposed population/observer(s). Figure 5.43 shows a scheme of changing the dis- 
tance and time of exposure to noise by a train passing by an observer. 

The shadow polygon represents a train of length (/) passing by an observer at the 
speed (v). He/she starts considering noise of an approaching train when it is at 
distance (f) from the point along the line, which is at the closest right-angle 
distance (y) from him/her. The consideration stops after the train moves behind the 
above-mentioned closest point again for the distance (fj) Under such circum- 
stances, the distance between an observer and the passing-by train changes overtime 
as follows: 


P(t) = (1/24-B—v.t) +y? for 0<t< (1+2. B)/v (5.962) 


The right term in Eq. 5.96a represents duration of the noise event, i.e. the time 
needed for a train to pass by an observer. In order to express an overall noise 
exposure over a day (i.e. 24 h), the frequently used measure is Lan (i.e. day/night 
average sound level) expressing the cumulative noise to which a given population is 
exposed. It weights the noise during the night by adding a decibel "penalty" as 
follows: 


12 4 8 
Laen = 10108 a LQ Lea/day/10 4 ү 10 (Lea/evening + 5)/10 a 10 (Lea/niene + 10) /10 
(5.96b) 


where 


Legiday» Гесеуепіпв» Leqiight is the annual average equivalent sound pressure levels 
during the day, evening, and night, respectively. 
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In addition, the total noise Leq (Equivalent Continuous Sound) expressed in 
A-weighted dBA scale generated by (т) trains passing by during the period (At) 
can be estimated as follows (Јапіс and Teodorovic): 


Leq = Lag + 10 logio f(T) — 10 logy) -At (5.96c) 


where 


Lag is the average of the maximum noise levels (Lamax) (dBA) generated by (f,(t)) 
successive noise events—passing-by trains during the period (At) (dBA). 


where all other symbols are analogous to those in the previous equations. 

As well, while dealing with the excessive noise, the distance between the 
passing-by trains as the noise sources and the potentially affected population/ 
observer(s) needs to be taken into account. In general, the noise attenuates with 
distance as follows: 


Lax|r(t)] = Laz(y) — 20logyo[r(t)/7] (5.96d) 


where 


LAg[r(t)), LAg(y) is the noise level from the source at the distance (r(t)) and (у), 
respectively (dBA); and 

r(t), y is the distance from the source at which the noise is measured/ 
registered (y « r(t)) (m). 


For example, if the noise measured from the train passing by at distance 
D; = 25 m is Lag (y) = 90 dBA, the noise from the same train at the distance г 
(f) = 50 m will be: 90 dBA — 20-10og,,(50/25) = 90 dBA — 6.02 = 83.98 dBA. 
In many cases, in addition to standard of exposure of population to the maximum 
noise, a preventive measure particularly along the HSR lines is building the noise 
barriers. These walls constructed along the rail lines can mitigate the noise from the 
sources-passing-by trains for about 10—15 dBA and in some cases even for about 
20dBA (Teodorović and Janić 2016). 


(b) Congestion 


Thanks to applying the above-mentioned separation rules in addition to designing 
timetable(s) on the particular lines/routes and the entire rail networks accordingly, 
the rail-based systems are generally free of congestion and consequent delays due to 
the direct mutual influence of trains on each other while "competing" to use the 
same segment of given lines/routes at the same time. However, the substantive 
delays due to some other reasons can propagate (if impossible to be absorbed and 
neutralized) through the affected trains’ itineraries as well as along the dense lines/ 
routes also affecting the other otherwise non-affected services. Under such condi- 
tions, the severely affected services are usually either slowed down or cancelled in 
order to prevent further increase and propagation of their delays. On the one hand, 
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Fig. 5.44 Time-space diagram of the shock wave at disrupted rail line 


slowing down compromises punctuality but on the other, cancellations compro- 


mises reliability of the overall services (as mentioned above). 
For example, let the very busy rail line is affected along the segment of length 


(d) requiring trains to operate at reduced speed. Figure 5.44 shows the time-space 


diagram of such situation. 
Under such conditions, the first train with reduced speed will cause the trains 


behind it to operate at the reduced speeds too in order to maintain safe separation, 


thus causing their delays propagating up the traffic stream. This can also be con- 
sidered as the shock wave along the affected rail line. Under such conditions, the 


total delay of all affected trains can be estimated as follows: 
TD(n) = 1/2: |n; (n – 1)] - (2- BS/Av) +n- (d/ Av) (5.972) 


where 


is the number of affected trains; 
is the length of block segment used for separating successive trains operating 


at regular and/or reduced speed (km); 
is the difference between regular/scheduled (v,) and reduced (v,) operating 


speed (km/h) (Av = v, — vw) (v, >> vj); and 


n 
BS 


Av 
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Fig. 5.45 Relationship between the total and average delays and the number of the affected trains 
along a given rail line 


d 15 length of the affected segment of the line (km). 


From Eq. 5.98, the average delay of an affected train is equal to: 
AD(n) = TD(n)/n = 1/2- (n — 1)- (2 - BS/Av) + d/ Av (5.97b) 


where all symbols are analogous to those in Eq. 5.97a. 

Figure 5.45 shows an example of the relationship between the total delays and 
number of trains operating along the affected HSR line according to the scenario 
shown in Fig. 5.45. 

As can be seen, the total delays increase more than proportionally with 
increasing of the number of affected trains. The average delays increase too but in 
proportion of increasing of the number of affected trains. With increasing of the 
length of segment of affected line and the difference between the scheduled and 
reduced train speed, both total and average delays are expected to increase given the 
number of affected trains. 


(c) Traffic incidents/accidents (safety) 


Similarly as at the road-based systems, the number of perceived incidents/accidents 
of particular train-based systems operating between the catchment area (CDB) and 
the airport serving it during a given period of time can be estimated as follows: 


туас(т) = ac + (t) - Oy - S. 21 (5.98) 


where 


ac, is the train incident/accident rate (events/p-km). 
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The other symbols are analogous to those in the previous equations. 

Contrary to the streetcar/tramway, LRT, metro, and regional/intercity conven- 
tional rail systems, the experience so far has indicated that the HSR has been the 
system in which traffic incidents/accidents with the user/passenger and staff fatal- 
ities and injuries have very rarely occurred (only 3 up to date (Qiao 2012). For 
example, since started in 1960s, the Japan's Tokaido Shinkansen HSR services? 
have been free of incidents/accidents causing the user/passenger and staff fatalities 
and injuries due to derailments and/or collisions of trains. This has been achieved 
despite the services have been exposed to the permanent threat of the relatively 
frequent (and sometimes strong) earthquakes. The TRM system has also been free 
from incidents/accidents although operating at much lower scale than the other rail- 
based above-mentioned systems. Is the HL (Hyperloop) system going to be free of 
incidents/accidents? Certainly *yes" but only from those happened due to the 
known reasons. 


5.5 Summary 


Modelling the airport landside access modes and their systems has mainly related to 
development of the analytical models of indicators and measures of performances 
of their both demand and supply component. Concerning the indicators and mea- 
sures of performances of the demand component, the models for quantification 
demand consisting of the airport O-D (Origin-Destination) passengers, the airport 
and other aviation employees, senders, greeters, and airport visitors demand con- 
ditions have been elaborated. The airport O-D passenger demand has been mod- 
elled by applying the multiple regression analysis to the data representing the main 
demand driving forces during a given period of time. The models of demand of the 
airport and aviation employees, and all others have been based on the O-D pas- 
senger demand model(s). 

Concerning the supply component, the analytical models of the specified indi- 
cators and measures of the infrastructural, operational, economic, environmental, 
and social performances have been developed for the road- and rail-based systems. 
The models of indicators and measures of the technical/technological performances 
have been explained in Chaps. 3 and 4 for the road-based and the rail-based sys- 
tems, respectively. At the road-based mode, regarding the infrastructural perfor- 
mances, the models of indicators and measures of the "ultimate" and "practical" 
capacity of road lanes, highways, car and van parking areas, bus stops and stations/ 
terminals have been developed. As far as the operational performances are 





3The Tokaido Shinkansen line/route of the length of 552.6 km connects Tokyo and Shin Osaka 
station is free of the level crossings. The trains operate at the maximum speed of 270 km/h 
covering the line/route in 2 h and 25 min. The route/line capacity is: uj — 13 trains/h/direction. 
The number of passengers carried is about 386 thousand/day and 141 million/year (2011) (JR 
Central 2012). 
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concerned, the analytical models of indicators and measures for estimating the 
travel distance and time of taxis picking up a user/air passenger in urban districts, 
and elements of the traffic flow and queuing system theory have been presented. In 
addition, for both car/van and bus systems, the models for estimating the fleet size, 
transport work and technical productivity have been presented. The models of 
indicators and measures of the environmental and social performances included 
those for estimating energy consumption and emissions of GHG (Greenhouse 
Gases), land use, noise, congestion, and traffic incidents/accidents (i.e. safety). 

Regarding the nature of operations of the rail-based systems, the generic ana- 
lytical models of indicators and measures of their performances have been devel- 
oped analogously to those of the road-based systems, but strongly respecting the 
specificity of their components and operations. If needed, the particularities of 
different rail-based systems have also been taken into account. In addition, the 
illustrative application of some of the above-mentioned models has been presented. 
As well, some exercises aiming at indicating possible application of the particular 
above-mentioned models have also been provided. 


5.6 Exercises 


E.1 Demand for the airport landside access modes and their systems 

Since this has been sufficiently illustrated in the text, no particular examples have 
been provided. 

E.2 Travel distance and time in an urban district/area 

Example E2.1: Travel distance and time of a responsive unit/taxi—Single vehicle 
Questions: 

The size of urban district/area is: Ag = 10 km”. Calculate the travel distance and 
time for a single responsive unit/taxi operating at the average speed of: v = 40 km/h 
to arrive and pick up user/customer/air passenger or an airport employee. The 
responsive unit/taxi traverse the Euclidean and right-angle travel distance after 
being: 


(a) Randomly positioned; and 
(b) Centrally positioned. 


Answers: 


(a) Randomly positioned: 


(i) Travel distance: E(D) = c/Ao = 0.52: V10 = 1.64(km) for the 
Euclidean and 0.667 - /10 = 2.11 (km) for the right-angle travel distance; 

(ii) Travel time: E(T) = E(D)/v = (1.64/40) - 60 = 2.460 (min) for the 
Euclidean and (2.11/40) - 60 = 3.165 (km) for the right-angle travel 
distance. 
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(b) Centrally positioned: 


(i) Travel distance: E(D) = с/А = 0.38: V10 = 1.202km for the 
Euclidean and 0.50 · v10 = 1.58 km for the Right-angle travel distance; 

Gi) Travel time: Е(Т) = E(D)/v = (1.202/40) - 60 = 1.802 min for 
Euclidean and (1.58/40) -60 = 2.370 min for the right-angle travel 
distance. 


Example 2.2: Travel distance and time of a responsive unit/taxi—Fleet of 
vehicles 

Questions: 

The urban district of the area of Ay = 50 km? is served by No = 10 responsive units/ 
taxis randomly positioned at the moment when the call comes. At that moment the 
occupancy rate of taxis is: p = 0.5. Calculate: (a) Travel distance, and (b) Travel 
time of a responsive unit/taxi taking the call if operating along the right-angle travel 
distance at an average speed of v = 40 km/h and the acceleration/deceleration rate 
of: a = 1.5 m/s”. 


Answers: 


(a) Travel distance: 


И И, aes WS 205: 0 
E(D) = с Nov apy 7 0667 io mos = 2199 em) 


(b) Travel time: 


E(T) = E(D)/v4-M - (v/a) = (2.109/40) - 60 + 1 - ((40/3.6)/1.5]/60 = 3.1635 
+ 0.1234 = 3.287 (min) 


E.3 Traffic flow theory 

Example 3.1: Flow, density, speed 

Questions: 

The traffic free-flow speed and the capacity of the highway section are respectively 
equal: u; = 100 (km/h) and gm = 2200 (veh/h). Assuming that the relationships 
between the traffic flow’s variables are described by the Greenshields model cal- 
culate the following: 


(a) The jam density; 
(b) Flow density corresponding to the flow intensity of: q = 1000 (veh/h); 
(c) Space-mean speed when the traffic flow intensity is: q — 2000 (veh/h). 
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Answers: 


(a) The jam density: 
Qm = (ur . kj) /4 and kj = (4: 4)/иғ = (4 - 2200) /100 = 88 (veh/km) 
(b) The flow density: 


а= ur: (k — k/k); 
By substituting the corresponding above-mentioned values, this follows: 


1000 = 100 - (k — k? /88) and 100/88 · k? — 100- k +1000 = 0, which gives 
the rounded solution of the quadratic equation as follows: 


kı = 12 (veh/km) and k2 = 77 (veh/km) 
(c) Space-mean speed: 
а= kj: (u — u’ fu) 
By substituting the corresponding values this follows: 


1000 = 88 - (и — 12/100) and 88/100 - u? — 88 · и + 2000 = 0, which gives the 
solutions of quadratic equation as follows: 


u, = 15.08 (km/h) and u = 65.06 (km/h) 


Example 3.2: Road bottleneck—Shock wave 

The roadwork usually resulting in closing a lane or couple of lanes for traffic 
usually causes rather significant congestion and delays of the affected vehicles. Let 
q1: Q2, d4 and u4,u5,us be the vehicle flows and the corresponding speeds while 
approaching area to the work zone, within the work zone, and downstream of the 
work zone, respectively. The corresponding values are given in Table ЕІ. 
Questions: 

Calculate the speed of shock waves generated by the work zone. 


Table E1 Traffic flow and corresponding speed before, within, and after the work zone 











Road section Flow (veh/h) Speed (km/h) 
1. Approaching area to the work zone 2000 80 
2. Work zone 1500 20 
3. Downstream of the work zone 1700 75 
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Answers: 

The work zone generates the shock wave at the tail of the platoon of vehicles 
entering the work zone, as well as the shock wave at the end of work zone. The 
corresponding densities of traffic flows are respectively equal: 


kı = qi/u, = 2000/80 = 25.0 (veh/km) 
ky = q2/u = 1500/20 = 75.0 (veh/km) 
ks = аз/из = 1700/75 = 22.7 (veh/km) 


The shock wave speed uw; at the tail of the platoon of vehicles entering the work 
zone is equal to: 


Usi = (42 — 41)/ (К — Ку) = (1500 — 2000)/(75 — 25) = —10.0 (km/h) 
The shock wave speed uy» at the end of work zone is equal to: 
uw2 = (q3 — 42)/ (Ks — k2) = (1700 — 1500)/(23.67 — 75) = —3.9 (km/h) 


E.4 Queuing system theory 

Example 4.1: Stochastic queuing system—Tool both on a highway (M/M/1) 
Questions: 

The tollbooths on a highway enable drivers without the transponder to stop and pay 
the toll either by cash or credit card. The service time per driver usually varies 
depending on the availability of the cash, but on the average, the tool booth officer 
takes an average of about 15 s to collect the charge. The average arrival rate at the 
toll booth is 150 (veh/h) (s—second; veh—vehicle; h—hour). By treating the toll 
booth as M/M/1 queueing system calculate the following: 


(a) The average number of vehicles in the queue; 
(b) The average waiting time a vehicle spends in the queue; and 
(c) The average waiting time a vehicle spends in the queueing system. 


Answers: 

The average arrival rate of vehicles at the toll both is: 
д = (150 veh/h)/(3600 s/h) ғ 0.0420 (veh/s); The average service rate is equal: 
и = 1/15 (s/veh) z 0.0667 (veh/s) 


(a) The average number of vehicles in the queue: 


Дл. + 0.0422 
и: (и = A) 0.0667: (0.0667 — 0.042) 





Ма = = 1 (veh) 


(b) The average waiting time of a vehicle in the queue: 
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== A 0.042 
W, 


* q-(u— 4) 0.0667 - (0.0667 — 0.042) 





& 25.5 (s) 


(c) The average time a vehicle spends in the queueing system: 


1 1 


W = = 
и— A 0.0667 — 0.042 


& 40.5 (s) 





Example 4.2: Stochastic queuing system— "Practical" capacity of the rail line 
and quality of services (M/D/I) 

Questions: 

The trains with intensity (2) (trains/unit of time) arrive at the “bottleneck” segment" 
of a single-track rail line stochastically according to Poisson process. The average 
service time of each train at the “bottleneck” segment is assumed to be determin- 
istic, i.e. equal to (1/4) where (и) is the “ultimate” capacity of the line (trains/unit of 
time). The intensity of the train flow is assumed to be always lower than the line 
“ultimate capacity, i.e. (A < и). 

Consider the “bottleneck” segment of the rail line as M/D/1 queuing system 
where: p = A/u « 1.0 (M—Poisson arrival flow; D—Deterministic service time; 1— 
Single server). The parameter р = //u represents the rate of utilization of the server, 
i.e. the bottleneck segment, and is called LOS (Level Of Service) ratio. 

Calculate the average delay of a train before entering the “bottleneck” segment 
of the line if the intensity of arriving trains increases and approaches to the level of 
its “ultimate” capacity. 


Answers: 
The average delay per train requesting service at the “bottleneck” segment of the 
given single track can be estimated as follows (Teodorović and Janić 2016): 


Ми _ p 
2u-(1—A/u) 2u-(1— p) 





W= 


Figure E1 shows the typical relationship between the average delay (W) and the 
utilization rate (р) of the given single track line “ultimate” capacity. 

As can be seen, the average delay increases more than proportionally, i.e. 
exponentially, with increasing of the utilization of the “ultimate” capacity of the 
given single track line p. In addition, six grades of LOS provided to trains based on 
the values of p can be distinguished as described in Table E2. 

Then, iffor example the average delay per train is adopted to be: W = 20 min, the LOS 
will be at the grade “С” determined by the line “ultimate” capacity utilization rate: 
p = 0.6. Given the “ultimate” capacity of: u(1) = 63 trains/24 h (see Fig. El), the 
"practical" capacity guaranteeing the above-mentioned average delay per train of 20 min 





“The “bottleneck” segment is the one exclusively occupied by a single train for the longest time. 
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Fig. E1 Relationship between the average delay per train and the rate of utilization of the 
“ultimate” capacity of a given single track line 


Table E2 An example of gradation of the LOS (level of service) at US railways (CS 2007; Hunt 
and Wyman 2010) 

















Grade of | Description р= А 

LOS u 

A Below Low to moderate train intensity with capacity to recover from | 0.0-0.2 

B capacity | incidents and enable maintenance 0.2-0.4 

C 0.4-0.7 

D Near Heavy train intensity with moderate capacity to recover from | 0.7-0.8 
capacity | incidents and enable maintenance 

E At Very heavy train intensity with the very limited capacity to | 0.8-1.0 
capacity | recover from incidents and enable maintenance 

F Above Unstable train intensity; conditions for breaking down of 21.0 
capacity | services 











will be: (1) = p - u(1) = 0.6 - 63 = 38 (trains/24 h). The “practical” capacity of the 
double track line can be similarly calculated from the above-mentioned case by setting 
up: и(2) = 2 - 63 trains/24 h = 126 (trains/24 h). If p = 0.6 for both tracks, this will 
be: 4(2) = p: u(2) = 0.6. 126 ~ ~ 76 (trains/24 h). 

Example 4.3: Deterministic queuing system—Queues and delays due to the road 
traffic accident 

A traffic accident had happened and consequently decreased the road capacity. The 
vehicles were passing by the location of traffic accident. After 80 min the conse- 
quences of the traffic accident have been removed and the road capacity fully 
recovered. 
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Questions: 

Estimate the queues and delays of the affected passing-by vehicles during the period 
of affection of the road capacity (80 min) by assuming their both arrival and 
departure rates of vehicles passing by the accident location have been deterministic. 
During the affection time the road capacity has been constant and the vehicle arrival 
rate has changed as follows: 


e Arrival rate: A(t) = – 1/2 - t+ 40 (veh/min) 
e Service rate (“ultimate” capacity): u(t) = 20 (veh/min) 


where 
t is the time of starting observation of the queuing process (min). 


Answers: 
The cumulative number of arriving vehicles A(t) and the cumulative number of 
departing vehicles D(t), respectively, by time (7), can be estimated as follows: 





A(t) - Cumulative number of arrivals 
D(t) - Cumulative number of Departures 
Naimax- Maximum vehicle queue 














1600 


A(t), D(t) - Cumulative count 











0 40 80 t- Time 


Fig. E2 A queueing process around the location of a traffic accident 
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At = [ 20) а= | (-1/2-1+40)ar 
= –1/2: (2/2) +40: t= –1/4:2 +40; 


апа 


t 


ра) = | (йа = f 2ой = 20-1 
0 


0 


The scheme of queuing process in the given case is shown in Fig. E2. 

The queue will dissipate at the moment when the cumulative number of arriving 
vehicles becomes equal to the cumulative number of departing vehicles from the 
affected location as follows: 


A(t)=D(t) ie, —1/4-2--40.t 2 20: t and —1/4-°+20-t=0 


The solutions of the last above-mentioned equation are: t; = 0 and f; = 80. This 
implies that the cumulative number of arrivals A(r) is equal to the cumulative 
number of departures D(T) for the first time at the time (т = 0) when the queue 
starts to build up and for the second when it dissipates after 80 min. The total 
number of arrivals during the period of 80 min is equal to: A( = D(t) = 1600 veh. 

The total delay W of all vehicles represented by the area between cumulative 
number of arrivals and the cumulative number of departures on Fig. E2 can be 
estimated as follows: 


80 80 80 


w= | wo - poa f (-1/3-2 40-1) dr- 20-е 


0 0 0 


and 
W = [-1/4- (2/3) +40. (2/2) — 20 - (/2)]р = 21,333 (veh-min) 


The average delay (W,) per single vehicle is equal to: 


W, = 21,333 (veh{-}min) /1600 (veh) = 13.33 (min) 


The length of vehicle queue at time (f) (0 < t < 80), M(t) represents the differ- 
ence between cumulative number of vehicle arrivals A(t) and the cumulative 
number of vehicle departures D(t) by time (f) as follows: 
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N,(t) = A(t) — D(t) = -1/4- + 40-4 — 20 -t = –1/42 +20- t 
The maximum queue length can be estimated as follows: 


d[Nq(t)]/dt=0 and d[(1/4)-?+20-¢]/dt=0 and —1/2-1+20=0 


and 
t = 40 (min), which implies that the maximum vehicle queue occurs 40 min after 
the queue starts to build up. 

The maximum queue of vehicles is estimated as follows: 


Nq/max = —1/4 А 40° +20 - 40 = 400 (veh) 


Example 4.4: Deterministic queuing system—Size and capacity of the parking 
area at an airport 

Questions: 

The airport and aviation employees—3000 in number—arrive by car uniformly 
distributed during the period of 2.5 h. The working shift for 20% of them is 4 h, for 
30% of them 6 h, and for the rest (50%) it is 8 h. They all leave their cars at the 
airport parking places until finishing their shift. 
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Fig. E3 Cumulative number of the airport employees arriving and departing the airport parking 
area overtime in the given example 
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Calculate: 


(a) The number of required parking places for all employees arriving at the airport 
under the given conditions. 

(b) The “ultimate” capacity of the parking area at the airport with 2500 parking 
places if their average occupancy time is 3 h. 


Answers: 
(a) The number of required parking places: 


The required number of parking places is calculated by the deterministic queuing 
theory of cumulative counts as shown in Fig. E3. 

As can be seen, the required number of required parking places/spaces is: 
N = 3000. 


(b) Capacity of the parking area at the airport: 


N=) -t, this follows: 2 = N/t = 2500/3 ~ 833 (veh/h) 


E.5 Operational performances of the bus systems 

Example 5.1: “Ultimate” and “practical” capacity of the bus station/terminal 
The given bus station/terminal has: N, = 10 parking places/platforms. The bus 
turnaround time at each place/platform is deterministic average of: ть = 30 min, i.e. 
0.5 h. The intensity of: 2, = 20 buses/h arrives at the given bus station according to 
the Poisson process. 

Questions: 


(a) Calculate the “ultimate” capacity of the given bus station/terminal; 

(b) Calculate the required number of parking places/platforms at the given bus 
station; and 

(c) Calculate the “practical” capacity of the given bus station/terminal if the 
average waiting time for occupying the place/platform is: w* = 10 min. 


Answers: 


(a) The “ultimate” capacity of the bus station/terminal: 
Ly = Мь/ть = 10/0.5 = 40 (buses/h) 
(b) The required number of parking places/platforms at the bus station: 


Ny = Ap : t = 20.0.5 = 10 (places/platforms) 
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(c) The “practical” capacity of the given bus station/terminal 
F {и so Z Rw 

WESEL m Gem. 415 E R 

2u- (1— А /и) (1+2-p-w*) 


. 2 . 
Ax ыд = 37 (buses/h) 
[1 +2 - 40 - (10/60)] 


and 





Example 5.2: Bus line 

The number of passengers to be transported along the line of the length of 
L = 15 km connecting the bus terminal and an airport terminal is: Q,(t) = 400 
passengers (т = 1 h). The buses are of the same capacity: Sy = 50 spaces, and an 
average load factor is: 0, = 0.80. 

There are: N = 7 bus stops along the line including the origin and destination 
station/terminal (5 intermediate stops). The bus operating speed between the 
intermediate stops is: v = 50 km/h, and the average acceleration/deceleration rate: 
a = 1.4 m/s”. The average stop time at each intermediate stop is: t; = 1 min and at 
the end stations/terminals: t, = та = 10 min. 

Questions: 


Calculate: 


(a) The required transport service frequency satisfying given demand and the 
average headway between departures; 

(b) The line capacity given the transport service frequency; 

(c) The turnaround time of a bus along the line; 

(d) The required bus fleet; 

(e) The transport work along the line; 

(f) The technical productivity along the line; and 

(g) The total travel time of passengers between the urban and airport bus station/ 
terminal. 


Answers: 


(a) The required transport service frequency satisfying given demand and the 
average headway between departures: 


e Transport service frequency: felt) = Qs (x)/ [0s - Sy] = 400/0.80 - 50 = 
10 (dep/h) 
e Average headway between departures: h = t/f,(t) = 60/10 = 6 (min) 


(b) The line capacity: 


LC» (1) = fo(t) - Sp(t) = 10-50 = 500 (spaces/h) 
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(c) The turnaround time of a bus along the line: 


N= 


І N-2 
Toji +2: V 7 (i/vitvilai) + У Tsji + ta = 10/6042 


i=l i=l 


6 
: XC (2.5/50 + 50/18, 144) + 5/60 + 10/60 = 1.05 (h) 


i=l 


(d) The required fleet: 
КЕ (т) = fo (1) - тъл = 10: 1.05 = 10.5 ~ 11 (buses) 
(e) The transport work along the line (single direction): 


TW, (т) = Q (1) = (т). Oa (T) - Sp(t) - L = 10 - 0.80 - 50 - 15 = 6000 (p-km) 


(f) The productive capacity or technical productivity along the line: 


(i) The average speed during bus turnaround time along the line is equal to: 
Vp = 2L/t Hy = 2+ 15/1.05 ~ 28.6 (km/h) 
(ii) The line techical productivity or productive capacity is equal to: 


ТРь(т) =2 - fo(T) ©$ь(т) * Vb =2-10-50- 28.6 
= 28,600 (space-km/h?) 


(g) The total travel time of passengers between the urban and the airport bus 
station/terminal: 


N-1 N-2 
тър = 1/2- [z/fe(x)] + 2 (li/ vi + vi/ai) + У ъи = 1/2.1/10 
+ 5 (2.5/50 + 50/18144) + 5/60 ~ 0.45(h) ғ 27 (min) 


i=l 


E.6 Operational performances of the rail-based systems 

Example 6.1: Capacity of the end stations/terminals 

Questions: 

Calculate the “ultimate” capacity of the rail end station/terminal equipped with 4 
tracks where trains on each of them spend during their turnaround time: (a) 12, 
(b) 15, and (c) 20 min. 
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Answers: 


(а) 14, = М/т = 4/(12/60) = 20 (trains/h) 
(b) bys = М/т = 4/(15/60) = 16 (trains/h) 
(c) Hys = №/т = 4/(20/60) = 12 (trains/h) 


Example 6.2: Capacity of the rail line and rail stations along the line 
Questions: 
Calculate: 


(a) The "ultimate" capacity of two-track HSR (High-Speed Rail) line (in the single 
direction) if the successive HS (High Speed) trains operate in the same direction 
at the speed of 300 km/h and the maximum deceleration rate of 0.5 m/s. The 
time needed for the train to activate the brakes is 5 s. 

The “ultimate” capacity of the station along the given rail line with two tracks 
each handling trains in different directions. The minimum separation distance 
between two successive trains in the sequence of two trains is 3 km, the 
operating speed and the average acceleration rate of the leading train in the 
sequence are 120 km/h and 1.5 m/s’, respectively, and the “buffer” or dwell 
time of the trailing train in the sequence is 2 min. 


(b 


— 


Answers: 


(а) Нуһ = + vj/a; = 5+ (300/3.6)/0.5 = 171.667 (s) and 
u(t) = t/Hij/min = 3600/171.667 = 20.97 ~ 21 (trains/h) 


(b) Him = 1/2: (vifa? ) +2: BSy/v; + x; = 1/2. (120/3.6)/1.5 + (3/120) 
: 3600 + 2 - 60 = 221.11 (s) and 
y(t) = т/Н ум» = 3600/221.11 = 16.28 ~ 16 (trains/h) 
Example 6.3: ТКМ (TransRapid Maglev) System 
The TRM (TransRapid Maglev) system train of the capacity 200 seats operates 
along the line of the length of 120 km. The begin and end station/terminal are at 


both ends of the line. Two intermediate stops, each at the same distance of 40 km, 
are along the line. Figure E4 shows the simplified scheme. 


























A Intermediate stops 
O Begin/end stations/terminals 











Fig. E4 Scheme of the TRM line in the given example 
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Table E3 The number of passengers boarding and off-boarding the TRM trains at the particular 
stations/stops in the given example 














Station/stop Boarding passengers Off-boarding passengers 
1 100 0 
2 50 70 
3 100 50 
4 0 130 








The ТЕМ train stops at the beginning and end stations and at the intermediate 
stops. Table E3 gives the number of passengers boarding and off-boarding the train 
at the particular stations/stops. 

Questions: 
Calculate: 


(a) Number of passengers travelling between particular stations/stops along the 
line; 

(b) Utilization rate, i.e. load factor between particular stations/along the line; 

(c) Transport work between particular stations/along the line and the total; 

(d) (1) Average travel time, and (ii) Average travel speed along the line if the train 
stops at the intermediate stations for 1 min. 


Answers: 


(a) Number of passengers travelling between particular stations/stops (Table E4a): 
(b) Utilization rate, i.e. load factor between particular stations/stops along the line 
(Table E4b): 


Table Eda Number of passengers travelling by a TRM train between particular stops/ stations in 
the given example 

















Station/ | Boarding Off-boarding Cumulative Cumulative Difference 
stop passengers passengers boarding (a) off-boarding (d) | (a — d) 

1 100 0 100 0 100 

2. 50 70 150 70 80 

3 100 50 250 120 130 

4 0 130 250 250 0 











Table E4b Utilization rate, i.e. load factor of а ТЕМ train between particular stops/ stations in 
the given example 





Segment between stations/stops Difference (a — d) Seat capacity (S) Load factor 
(0) 

1-2 100 200 0.50 

2-3 80 200 0.40 

3-4 130 200 0.65 
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Table E4c Transport work by a ТЕМ train between particular stops/stations in the given example 





























Segment Passengers Seat Load Interstation/ Transport 
between capacity factor stop distance work 
stations/stops (S) (spaces) | (0) С) (D) (km) (TW) (p-km) 
1-2 100 200 0.50 40 4000 
2-3 80 200 0.40 40 3200 
3-4 130 200 0.65 40 5200 
Total 12,400 

0 = Q/S = 100/200 = 0.50; 80/200 = 0.40; 130/200 = 0.65 


(c) Transport work between particular stops/stations along the line (Table E4c): 
TW = 0-S-1=0.50- 200-40 = 4000; 0.40 - 200 - 40 = 3200; 
0.65 - 200 - 40 = 5200 
(d) Average travel time and travel speed along the line: 
(i) Average travel time: 


(l;/ vi | vi/ai) | X uw 


i-l i=1 i 


22.167 





[(40/450) - 60] + [(450/3.6)/1.5]/60] +2 


3 2 2 
1 


Ta = 


(тіп) 


(П) Average travel speed: 


Da = L/ tq = 120/(22.167/60) = 324.812 (km/h) 


Some example of modelling and estimating the economic, environmental, and 
social performances of the rail- and road-based mode and their systems are given in 
the main body of this chapter. 

E.7 Economic performances of the bus systems 

Questions: 

If the average unit costs of input of a bus company operating on the line of length 
of: L = 15 km connecting an urban district and airport is: ¢,/; = 0.70 $US/(s-km), 
and the average load factor: 0, = 0.80. 

Calculate: 


(a) Average cost of output; 
(b) Average fare per passenger travelling along the given line. 
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Answers: 


(a) Average cost of output 
Cb/o = Cb/i/A = 0.70/0.80 = 0.875 ($US/p-km) 
(b) Average fare per passenger travelling along the given line 


F,(L) = às: = 0.875 - 15 = 13.125 ($US/pass) 


E.8 Economic performances of the rail systems 

Questions: 

The regional/intercity conventional rail system is planned to operate as the landside 
access system between the given airport and its CBD (Central Business District). 
The length of the rail line to be built is: L = 25.2 km. The average capital/invest- 
ment costs of building the line are estimated to be: c, = 32 х 10° €/km with the 
amortization period of 25 years. The train sets of the capacity of: 5, = 216 spaces 
are planned to be scheduled at the service frequency of: f,(At = 1) = 4dep/ 
h-direction, during At = 20 h/day, and 365 days/year. The average operating costs 
of the rail services are estimated to be: ©, = 3.0 (€ct/s — km). The average 
expected load factor is assumed to be: 0, = 0.60. 

Calculate: 


(a) Total annual costs of operating the given rail line; 

(b) Average costs per unit of input; 

(c) Average costs per unit of output; 

(d) Minimum fare per user/air passenger and/or an airport or aviation employee 
covering the operator’s costs. 


Answers: 


(a) Total annual costs of operating the given rail: 
Сут = Сук t+ Суу = 1: cre +25 + 365 - At - fi(1) 5. 2L с 
= 25.2.32 x 10É +25 - 365 - 20 - 4 - 216 - 25.2 - 2 - 0.03 = 1084.812 x 10° € 
(b) Average costs per unit of input: 


Суут 1084.812 х 106 
25.365. Ат: 3(1) -S,-2L 25 -365 - 20 - 4- 216 - 2 - 25.2 





= 0.137 (€/s — km) 


Cri = 


(c) Average costs per unit of output: 
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А Сут 1084.812 x 10° 

С, = = 

Чо 25.365- At-K(1)- 0, S-2L 25-365 +20-4-0.6-216-2- 25.2 
& 0.228 (€/p — km) 








(d) Minimum fare per user/air passenger or an airport and/or aviation employee 
covering the operator’s costs: 


F = à, L = 0.228 - 25.2 ~ 5.746 €/pass 


E.9 Environmental performances of the rail-based mode and its system 
Questions: 

An automated LRT (Light Rail Transit) system operates between an airport and its 
catchment area (CBD—Central Business District) along the line of length of: 
L = 13.5 km. Each train with the frontal area of: A = 8.64 m? running at the 
maximum speed of: v = 97 km/h consists of: n = 2 cars, each with the empty mass 
of: О = 24 tons and the capacity of: S, = 97 spaces. These all are occupied by users/ 
air passengers each weighting together with their baggage: д = 100 kg, which, at 
the load factor of: 0-2 1.0, gives the gross mass of train of 
Отот = n: (0+5 :0:4) = 2- (24,000 + 97 - 1.0 - 100) = 67400 kg. The vehi- 
cle/train accelerates and decelerates at the rate: a4 = ag = 1.34 m/s”. The diameter 
of steel-made wheels is: 2R = 660 mm and the factor for steel-on-steel contact 
b = 0.0005 m. The diameter of wheels is: R = 660 mm. Consequently, the coeffi- 
cient of rolling resistance is equal: Cg = b/R = 0.0005/(0.660/2) = 0.001515 (b 
—is the steel-on-steel rolling friction coefficient). The air density is: p = 1.225 kg/ 
т? and the coefficient of air resistance: Cı = 1.05 (cube profile of the vehicle/train 
frontal area). The maximum grade of the guideway during acceleration/cruising/ 
deceleration is 5.86% (0, = % = a = 3.35°). The emissions rate of GHG from the 
electricity consumption is: rco,, = 436 gCO»,/kWh. 

Calculate: 


(a) Total energy consumption of a train operating at the maximum speed without 
intermediate stops along the line; 

(b) Average energy consumption of a vehicle/train; 

(c) Total emissions of GHG of a vehicle/train during operating along the line; and 

(d) Average emissions of GHG per unit of input/output of a vehicle/train. 


Answers: 


(a) Total energy consumption of a vehicle/train operating at the maximum speed 
without intermediate stops along the line: 


G) Energy consumed for acceleration: 
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Ex —0.5:Qror V? + (cx: ror 6^ y CL: p: A: v; t Qror: G- sina.) d 
— 0.5 - 67400 - (97/3.6)? 
+ [0.001515 - 67400 - 9.81 +0.5 - 1.05 - 1.225 - 8.64 - (97/3.6)? + 67400 - 9.81 - 0.0586| 
[(о7/3.6)°/(@2. 1.34)| 
= 48.933 x 10° + (1001.7 + 4034.11 + 38746) - 270.9 
= 48.933 x 10° + 11.86 x 10° = 60.793 x 10° (J) 








(ii) Energy consumed for cruising: 


Ес = (Cr: Отот: G+0.5- CL - p- А-у; + Отот. G sing) -(L— la — la) 
= [0.001515 2. (24000 + 97 - 100) - 9.81 +0.5 - 1.05 - 1.225 - 8.64 - (97/3.6)? 


+2. (24000 + 97 - 100) - 9.81 - 0.0586] - (13500 — 270.9 — 270.9) 
= (1001.7 + 4034.11 + 38746) - 12958 = 43782 - 12958 
= 567.325 x 10° (J) 


(iii) Energy consumed for deceleration: 


Ер = 0.5: Отот уз — (Св · Отот: G+0.5- CL- p A- vi + Отот: С: sin да) - la 
= 0.5 - 2 - (24000 + 97 - 100) - (97/3.6)? 
— [0.001515 - 2 - (24000 + 97 - 100) - 9.81 +0.5 - 1.05 - 1.225 - 8.64 


-(97/3.6)? + 2 - (24000 +97 - 100) - 9.81 - 0.0586 
- [(97/3.6)?/(2- 1.34) 


= 48.933 x 106 — (1001.7 + 4034.11 + 38746) · 270.9 
= 48.933 x 10° — 11.86 x 10° = 37.073 - 106 (J) 


(iv) Total energy consumed for a trip along the line: 


Eror = Ел + Ec + Ep = 60.793 x 10° + 567.325 x 10° + 37.073 x 10° 
= 665.191 x 10° (J) 


The energy consumption expressed in (kWh) obtained by the conversion factor: 
1 J = 2.77778 x 107 kWh is: 


Eror = 665.191 x 10° - 2.77778 x 1077 = 184.776 kWh 


(b) Average energy consumption per unit of input/output: 
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E = Epor / (2: S- L- 0) = 184.776/(2 - 97 - 13.5 - 1.0) = 0.0706 (kWh/p-km) 


(c) Total emissions of GHG: 
EM = Eror : rco, = 184.776 - 436 = 36.962 (kg СО.) 
(d) The average emissions GHG: 


EM = Е. rco, = 0.0706 - 436 = 30.76 (gCO,/kWh) 


E.10 Environmental performances of the rail-based mode and its HL system 
Questions: 

The HL (Hyperloop) system (passenger transport version) operates non-stop (i.e. 
without the intermediate stops) within the vacuum tube between its end stations/ 
terminals. The total mass of the HL capsule is: Отот = 15,000 kg, seat capacity: 
S = 28 seats, the speed: v, = Ve = уа = 1200 km/h, acceleration/ deceleration rate: 
a’, а = 1.5 m/s’, levitation height: h = 1.3 mm: the coefficient of aerodynamic 
resistance: Сү = 1.05, the air density in the tube: p = 0.0008 kg/m?, and the 
gravitational constant: G — 9.81 nys?. Due to levitating and the three-dimensional 
alignment of tube(s) the energy is not consumed for overcoming the rolling and 
grade resistance force, respectively, i.e. in Eq. 5.92, ky = kı = 0 (Musk 2013). 


Calculate: 


(a) Total energy consumption of a HL capsule depending on the non-stop travel 
distance; 

(b) Average energy consumption per unit of input/output of a HL capsule 
depending on the non-stop travel distance; and 

(c) Total and average emissions of GHG in the given context. 


Answers: 


(a) Total energy consumption of a HL capsule depending on the non-stop travel 
distance: 


This is estimated by Eq. 5.92. 


(i) Energy consumed for acceleration and levitation: 
Eja = 0.5: Отот + [Отот G: h-0.5- C, p A- vi] -la 
= 0.5 · 15,000 - (1200/3.6)? 
t [15,000 -9.81 - 0.0013 + 0.5 · 1.05 - 0.0008 - 1.4 - (1200/3.6)? 
- (1200/3.6)*/(2 - 1.5) = 842.838 - 10° (J) 


where la = v2/(2+da) (a, = 1.5 m/s”); л = 1.3 mm 
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(ii) Energy consumed for cruising and levitation: 


Eye = [0.5 - CL - p: AXE Отот: G- h] - (L— la — la) = [0.5 - 1.05 - 0.0008 - 1.4 
-(1200/3.6)? + 15,000 - 9.81 - 0.0013] . |L- 2. (1200/3.6)?/(2 - 1.5) 
= 256.628[L — 74074] (1) 


(iii) Energy consumed for deceleration and levitation: 
Еул = 0.5: Отот у + [Oror: G: h- 0.5 C, p Avi] -la 
= 0.5 - 15,000 - (1200/3.6)? 
+ [15,000 -9.81 - 0.0013 — 0.5 · 1.05 - 0.0008 - 1.4 - (1200/3.6)? 
- (1200/3.6)^ /(2 - 1.5) = 837.999 x 108 (J) 


where la = v3/(2- аа) (аа = 1.5 m/s?) 


(iv) Total energy consumed for a trip along the line: 





Eror = Еул Ес + Еур = 842.838 x 10° + 256.628[L — 74074] + 837.999 x 10° 
= 1680.837 x 10° + 256.628[L — 74074] (J) 
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Fig. ES Relationship between the average energy consumption and the non-stop distance of the 
given HL passenger transport capsule 
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(b) Average energy consumption per unit of input/output of a HL capsule de- 
pending on the non-stop travel distance: 


The average energy consumption per unit of output, i.e. expressed in (kWh/ 
s-km), сап Бе estimated Бу using the conversion factor: 
1 J = 2.77778 x 107” kWh as follows: 


EC = |Eror/(S - L)] - 2.77778 х 107. (KWh/s-km) 


where (S) is the seat capacity of a capsule. 

Figure ES shows the relationship between the average energy consumption of 
the given HL capsule and the non-stop travel distance. 

It should be mentioned that the battery pack on board the HL capsule should have 
sufficient capacity to enable its operating at the given range of the non-stop distances. 
For example, in order to extend the non-stop distance of a HL capsule (passenger 
version) from the current 500 km by the battery pack of the 325 kW, the additional 
one with the same power and weight of: AQ = 1500 kg needs to be installed on 
board. Consequently, these two battery packs would provide the total energy capacity 
of: 650 kW-1.5 h = 975 kWh on the one side, but also increase the total weight of 
the capsule from: Отот = 15.0 tons to: Отот = 16.5 tons, on the other. From 
Fig. E5, it follows that the average energy consumption of such heavier capsule 
would increase for the given range of distance. At the same time, this capacity would 
enable operating the HL capsule on the non-stop distance of about 2000 km and even 
longer under given conditions (i.e. 0.011806 · 2000 · 28 = 661.125 kWh < 975. 


(c) Total and average emissions of GHG in the given context: 


Since the electric energy for powering the HL capsule is supposed to be obtained 
from the solar panels mounted at the top of tube(s), the system is assumed to be free 
from direct emissions of GHG. However, this raises the question of accumulating 
sufficient energy during sunlight and the feasibility of using this solution in the 
areas with low number of sunny days. In other cases, the electric energy would be 
obtained from the conventional primary sources. 
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Chapter 6 (f 
Planning and Design of the Airport Nn 
Landside Access Modes and Their 

Systems 


6.1 Introduction 


Similarly as at their urban and suburban counterparts, planning, design, and 
implementation of the airport landside access modes and their systems have been 
carried for the medium- to long-range time horizon respecting the systems’ com- 
ponents such as infrastructure, supporting facilities and equipment, vehicles, and 
scenarios of their operations under existing and future (expected and unexpected) 
conditions. The latest (scenarios of operations) just as a preliminary outline rep- 
resents in this context design of these systems, i.e. design of their operations under 
given conditions. The existing, innovative, and completely new technologies in all 
above-mentioned components have also been considered. The planning horizon has 
usually been 10—25 years (Vuchic 2005). 

In general, planning, design, and implementation of the new airport access 
systems have included considering the objectives and the conditions іп the local 
airport catchment area. In case of the existing airports, the objectives have been 
usually adding one or a few additional access road- and/or rail-based systems to the 
existing ones in order to improve the overall landside accessibility in a sustainable 
way. At the new-built airports, the objectives have been setting up the completely 
new accessibility systems—in the first stage relatively easily establishing the road- 
based car and van, and bus systems, again in a sustainable way. 

In both cases, the new system(s) have expected to be more efficient and effective, 
as well as more sustainable, i.e. environmentally and socially friendlier than their 
existing counterparts (if being there). In these cases, efficiency has implied operating 
at the costs allowing that the fares/charges attracting the prospective demand—air 
passengers, airport and other aviation employees, and others—can cover them. 
Effectiveness has implied providing relatively fast, punctual, and reliable transport 
services under given conditions. Sustainability has implied not increasing the 
already existing impacts on the environment (energy consumption and emissions of 


O Springer International Publishing AG, part of Springer Nature 2019 365 
M. Јапіс, Landside Accessibility of Airports, 
https://doi.org/10.1007/978-3-3 19-76150-3_6 


366 6 Planning and Design of the Airport Landside ... 


GHG, and eventually land use) and society (noise, congestion, and traffic incidents/ 
accidents safety). 

In cases of both the existing and new-built airports, considering the local airport 
catchment area conditions has related to evaluating the local geographical and 
physical conditions for implementation of the particular access mode(s) and their 
systems, estimating the prospective demand, and quantifying the total economic— 
operational and environmental—costs. 

Under such circumstances, the expectations, preferences, and requirements from 
the new system(s) by different actors/stakeholders involved have had to be con- 
sidered (Vuchic 2005). In general, these main stakeholders/actors on the demand 
side have been users—air passengers, airport, and other aviation employees and 
others—and on the supply side the airport itself and the particular access system 
operators and on the local side the community (close population) and local/regional 
and sometimes national authorities. 

The users have expected and preferred to get: transport services available over 
time during the day, sufficient, convenient, reliable, and punctual; relatively short 
access (travel) time; reasonable vehicle internal comfort; security and safety; and 
acceptable fares travel costs. 

The airports have expected provision of its landside accessibility in an efficient, 
effective, and safe way, enabling their (prospective) continuous growth in the 
medium- to long-term future period of time. 

The transport system operators have expected and preferred: providing transport 
services attracting sufficient user demand to cover the operational costs; safe and 
secure operations; and not contributing to increasing the existing environmental and 
social impacts on the local (close) population. 

The local community and the authorities at different institutional levels have 
expected and preferred from the new system(s): sustainable operations in the short-, 
medium-, and long-term future period of time; and profitability of operations not 
requiring the local subsidies. 

The rest of this chapter provides a description of the main elements of the 
transportation planning and design process and an illustrative example of an already 
implemented and still planned new airport landside access system—the AirTrain 
JFK system serving the JFK (John F. Kennedy), international airport (New York, 
USA), and the new LRRT (Light Rail Rapid Transit) system serving Schiphol 
International Airport (Amsterdam, The Netherlands). Both systems have been 
supposed to be able to improve the sustainability of the landside accessibility of the 
corresponding airports. In this case, “improving sustainability” has implied 
reducing the environmental and social impacts of all airport access systems while at 
the same time providing sufficient capacity, efficiency, and effectiveness of the 
landside accessibility in the given cases. 
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6.2 Elements of Transportation Planning Process 


In general, the transportation planning process including that of the airport access 
modes and their systems consists of the several elements/steps as follows (Bruton 
1973): 


1. Definition of the objectives; 

2. Identifying the existing categories/segments of the user demand: in the case of 
the airport accessibility, these categories/segments of user demand are the air 
passengers, airport, and other aviation employees, senders, greeters, visitors, 
and others; 

3. Collection of the relevant data on the present number and travel pattern of the 
existing categories/segments of the user demand and the main influencing 
factors: these factors on both sides—the demand user and the supply existing 
transport modes and their systems; 

4. Establishing the analytical (quantitative) relationship between the existing 
number of users (per category/segment) and the main influencing factors on 
both user demand and the supply transport modes and their systems side; 

5. Forecasting the main factors influencing demand (per category/segment) for the 
future (specified) period of time; 

6. Estimating the user demand for the existing and the new landside access sys- 
tems for the future (specified) period of time using the established analytical 
(quantitative) relationships in Step 4 and the forecasted influencing factors in 
Step 5; 

7. Developing the main performances of the new access mode and its systems 
relevant to attract a portion of the forecasted user demand (per category/ 
segment); 

8. Estimating the modal split between the existing and the new access mode and 
their systems based on their perceived utility for particular user demand; 

9. Evaluating the sustainability of the new mode and its systems, i.e. their eco- 
nomic, environmental, and social feasibility respecting the interest of particular 
main actors/stakeholders involved; and 

10. Deciding on the implementation of the new system if the evaluation has been 
overall positive. 


Definition of the objectives appears to be essential since later on they are used as 
the basis for setting up the evaluation criteria. In the case of an airport landside 
access mode and its systems, the objectives can be contributing to more sustainable 
accessibility in terms of, on the one side, mitigating the environmental and social 
impacts, while, on the other, improving the overall efficiency, effectiveness, and 
safety of accessibility for particular categories/segments of user demand. 

The relevant data on the current both demand and supply side of the existing 
airport modes and their systems including the main influencing factors are usually 
collected from the secondary sources (different airport, local, regional, and national 
Statistical databases), and by some field observations and interviews of the 
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particular categories of users and providers of transport services as well. The 
quantitative relationships between the volumes of demand (per category/segment) 
and the main influencing factors are established by the mathematical and statistical 
models/techniques. One of the most commonly used has been the multiple re- 
gression analysis (see Chap. 5). 

Then, forecasting of the most influencing factors on the user demand per 
category/segment is carried out by using different trend- and multiple regression 
analysis-based models/techniques. Next, estimation of the future demand per 
category/segment by using the established analytical (quantitative) relationships 
between it and the forecasted main influencing factors follows. In this step, it is 
assumed that the estimated present type and character of the relationships between 
demand and the main influencing factors will remain relatively stable in the future. 
Further, the main characteristics of the new access mode and its systems, which are 
relevant to attract a portion of the forecasted user demand, need to be specified. One 
of the options is to use the “what-if” scenario approach. Under such conditions, 
distribution of the total user demand (and per category/segment) among the existing 
and the new access modes and their systems, i.e. modal split, can be estimated 
usually by using different analytical models/techniques of choice. Most of them are 
based on the utility functions estimated for the particular categories of users, which 
express the generalized travel costs containing the costs of users' time while 
travelling and the fares paid for travel by a given access system. After that, eval- 
uation of the sustainability of the new system is carried out with respect to its 
economic, environmental, and social feasibility from the aspects of the main actors/ 
stakeholders involved, such as a given airport, the mode systems operators, users, 
local population, and the authorities sometimes at different local, regional, and 
national levels. The final element/step is making the decision on implementation of 
the new mode and its systems—‘“yes” if the overall score of their feasibility has 
been positive and “по” otherwise. 


6.3 Planning and Design of the Airport Landside Access 
Systems 


Planning and design of the airport access systems are generally based on all or some 
of the above-mentioned elements/steps of the transport planning process. In some 
cases, several alternative access modes and their systems are usually considered and 
then the elements/steps of their planning, design, evaluation, and selection of the 
preferable one(s) respecting the preferences of particular actors/stakeholders are 
carried out. In some other cases, the new landside access system is a priory spec- 
ified. Then, this is exclusively planned, designed, and evaluated as an exclusive 
alternative according to the specified sets of criteria. In any case, the performances 
of the existing systems need to be taken into account too. The possible scheme of 
this evaluation and selection process is shown in Fig. 6.1. 
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Fig. 6.1 A scheme of evaluation and selection of an airport landside access system(s) 


In general, the first step is to consider the airport category, i.e. if it large, 
medium, or small and the objectives regarding the existing and future development 
including the landside accessibility (Jani¢ 2009). This is to be carried out respecting 
the expectations and preferences of the above-mentioned four groups of the main 
actors/stakeholders involved. 

The second step is assessment of the current and prospective performances of the 
existing systems in satisfying the actors/stakeholders' existing and prospective 
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medium- to long-term objectives, i.e. expectations and requirements. If these per- 
formances satisfy the objectives, step “Do nothing” follows and the process is 
finished. Otherwise, the set of steps considering the new landside access mode and 
its systems and estimating the potential demand for the new and existing modes and 
their systems are carried out. Then, the performances of new transport mode and its 
system operating under “what-if” scenario approach to handle the above-mentioned 
user/passenger demand are assessed (quantified) also respecting the eventually 
affected performances of the existing modes and their systems. One of the 
approaches of carrying out this step is elaborated in Chap. 5. 

The following step is an evaluation of the overall feasibility of the new landside 
access mode and its system operating as an alternative under given conditions 
means by the selected evaluation method(s)/technique(s). In general, two sets of 
these methods have been practiced: (a) cost-benefit analysis and (b) multi-criteria 
evaluation methods. 


(a) Cost-benefit analysis has been practiced for evaluation of the primarily overall 
economic feasibility of the transport-related infrastructure projects/alternatives 
including the ones serving to the airport landside accessibility. This is based on 
considering the costs and benefits of the given alternative projects/alternatives 
over their expected life, i.e. medium (10-15 years) to long (25—30 years) future 
period of time. Under such conditions, for the either future period, the dis- 
counted annual costs and benefits of implementing the intended projects/al- 
ternatives for the particular actors/stakeholders involved have been estimated 
and exclusively expressed in the monetary terms. As a result, each project/ 
alternative has had its net present value (NPV) (Delancey et al. 2006; Vuchic 
2005). 

(b) Multi-criteria evaluation methods have been particularly used by academics, 
researchers, some consultants, and the author of this book himself. Some of 
them are discrete MCDM (multi-criteria decision-making) as follows: SAW 
(Simple Additive Weighting), TOPSIS (Technique for Order Preference by 
Similarity to the Ideal Solution), AHP (Analytic Hierarchy Process), DEA 
(Data Envelopment Analysis), and ELECTRE (ELimination Et Choix 
Traduisant la REalit'e—ELimination and Choice Expressing the REality) 
method (Hwang and Yoon 1981; José et al. 2005; Saaty 1980; Winston 1994). 
Essentially, each of the methods reflects a different approach in solving a given 
"discrete MCDM problem of choice of the best among several preselected 
alternatives". In common, these methods require a preselection of a countable 
number of alternatives and use of the countable number of quantifiable 
(conflicting and non-commensurable) attributes as criteria of their perfor- 
mances. The attributes as criteria may have a meaning of “costs” and “benefits” 
for a DM (decision-maker). In such a case, a larger outcome always means a 
greater preference for the “benefit” and a less preference for the “cost” criterion. 
After inter- and intra-comparison with respect to a given set of attributes 
(criteria) of their performances, the implicit/explicit trade-offs are established 
and used for ranking alternatives (Zanakis et al. 1998). The project/alternative 
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scored positively after evaluation by either method applied and has been the 
subjects of the further detailed documentation and provision of resources for 
implementation. Otherwise, the new mode and its systems can come under 
consideration (Vuchic 2005; TRB 2002). 


The final step implies preparing the necessary documentation for implementation 
of the selected alternative. 


6.4 An Example of Implemented Airport Landside Access 
System 


6.4.1 Background 


Many large international airports worldwide have been provided the landside ac- 
cessibility by the rail-based transport mode and its systems. One of these is the JFK 
(John F. Kennedy) International Airport currently operating seven passenger ter- 
minals located along a 3.6-km perimeter roadway called the CTA (Central Terminal 
Area). The airport is located on Jamaica Bay in the southeastern section of Queens 
County (New York City) at about 24 km by highway from the midtown 
Manhattan. In the past, i.e. before the end of the year 2003, the airport passengers 
had used buses for transferring between terminals operated by different airlines and 
accessing the long-term parking lots/areas and the facilities for renting cars. In 
addition, the airport landside accessibility from the centre of NYC (New York City) 
(midtown Manhattan) and other parts of the area had mainly been provided by the 
road-based systems—cars/taxis and shuttle bus/coach—and the rail-based—the 
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Fig. 6.2 Development of the passenger traffic at JFK (John Е. Kennedy) Airport (Period: 1990— 
2003) (New York, USA) (PANY&NJ 2011) 
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JFK Express subway services. In the meantime, the airport passenger traffic was 
generally growing despite some fluctuations as shown in Fig. 6.2. 

Such growth of the number of airport passengers had further deteriorated the 
landside accessibility by the above-mentioned particularly road-based due to 
increasing congestion on the accessing highways. In order to generally mitigate the 
highways' congestion, consequently improve the airport landside accessibility, and 
enable further airport growth, the NY Port Authority and the airport operator had 
planned to design and construct a new dedicated rail-based system. This was just 
one among many of the long-term endeavours to provide the dedicated direct rail 
connection between the JFK airport and the NYC area. These endeavours had 
started in the year 1968, but none actually was implemented for almost three 
decades. During the period 1970—1990, this (direct) rail connection had been the 
subject in addition to 21 proposals for constructing the rail links to the NYC (New 
York City) airports, which all had failed. Nevertheless, planning of the dedicated 
rail-based system for the JFK airport had restarted again in the year 1990 and lasted 
until the year 1997, when an environmental impact statement indicated that the 
LRT system would be the preferred alternative. The contract for building this LRT 
system called AirTrain JFK had been signed in May 1998, building started in 
September 1998, delivery of the first vehicle took place in November 2000, and the 
transport services stated in December 2003. 

The AirTrain JFK operating at the regional spatial scale is the fully automated 
LRT (Light Rail Transit) system providing accessibility of the JFK (John F. 
Kennedy) international airport (in Queens) (USA) to the New York City. The 
system also enables direct access to seven passenger terminals within the JFK 
airport area and connects them to the regional mass transit hubs’. 

Similarly as the other rail-based systems, the AirTrain JFK system consists of the 
demand and supply component. The demand component includes the airport pas- 
sengers and the airport and aviation employees using the system to access the 
airport. The supply component consists of the physical and non-physical 
sub-component. The physical sub-component includes the infrastructure lines/ 
routes and network, supporting facilities and equipment including power supply 
system, vehicles, and operating staff/employees organized to carry out transport 
services matching the above-mentioned demand under given conditions. These 
include directly and indirectly employed staff. However, since the system is fully 
automated, there is no staff operating the system access, transport, and ticket ser- 
vice-related activities and operations. The non-physical sub-component comprises 
the rules and procedures enabling controlling and managing operations of the 
physical sub-components, and messages exchanged between them during the 
real-time operations. Such system, similarly as its other LRT system counterparts, is 





"The similar systems are AirTrain Newark and AirTrain LaGuardia (a proposed system) serving 
Newark Liberty International Airport in New Jersey and LaGuardia Airport (New York City) and 
AirTrain San Francisco International Airport serving San Francisco (California) (SA) (https://en. 
wikipedia.org/wiki/AirTrain/). 
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Fig. 6.3 Number of users/passengers accessing JFK (John F. Kennedy) Airport by bus/coach and 
rail systems (Period: 2003-2016) (New York, USA) (PANY&NJ 2016) 


also characterized by its infrastructural, technical/technological, operational, eco- 
nomic, environmental, and social performances (see Fig. 4.1 in Chap. 4). 

Since starting operations at the end of the year 2003, the volumes of airport 
passenger demand handled by the JFK AirTrain JFK system have been continu- 
ously growing as shown in Fig. 6.3. 

As can be seen, the AirTrain JFK system was dominating in handling passengers 
over the road-based coach/bus systems during the observed period of time. 


6.4.2 Performances 


6.4.2.1 Infrastructural Performances 


The infrastructure of AirTrain JFK system includes the network consisting of three 
lines/routes of the total length of: L = 13.5 km and ten stops/stations along them 
including the begin/end ones, which are Jamaica and Howard Beach Station. Of 
these, four stations are along the segments of three lines/routes enabling direct access 
to CTA with seven airport passenger terminals. The rest six are just in front of each 
of the terminals. About 4.45% of the network is the underground tunnel, 16.6% 
grade, and 78.9% elevated constructions (Bombardier 2016). The portion of the 
network with a single track is 9 km and that with double track is 4.5 km. The track 
gauge is the standard of 1435 mm. The system provides the intermodal connections 
with seven airport passenger terminals on the one side and the subway/metro, rail, 
and bus systems serving the NYC (New Your City) centre and the rest of the region 
on the other. In particular, at each station, the intermodal connection with the re- 
gional bus services is available including the access to the long-term parking lots/ 
places. The simplified layout of the AirTrain JFK network is shown in Fig. 6.4. 
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Fig. 6.4 Simplified spatial layout of the AirTrain JFK system network (New York, USA) 
(PANY&NJ 2017) 


























As can be seen, one of three routes connects the terminals with the Howard 
Beach, one with Jamaica station, and one spreading as a loop around the passenger 
terminals. 

The Howard Beach route begins and ends at Howard Beach-JFK Airport. It is 
also close to the New York City Subway's IND Rockaway Line (A train), stops at 
Lefferts Boulevard for shuttle bus service to the long-term parking area/lots A and 
B, the airport employee parking area/lot, and bus/coach services to Brooklyn. The 
segment of this line of the length of 2.9 km between Howard Beach and Federal 
Circle crosses the employee and long-term parking areas/lots. The Jamaica Station 
route begins and ends at Jamaica, adjacent to the LIRR (Long Island Rail Road) 
with a connection available to Sutphin Boulevard-Archer Avenue-JFK Airport on 
the New York City Subway's Archer Avenue Line (E, J, and Z trains). The 
AirTrain and LIRR stations are connected to the subway station by an elevator 
bank. Many Nassau Inter-County Express, MTA, and private buses are available at 
the station. Length of segment of the line between Jamaica and Federal Circle is 
5.0 km. Before separating for their final destinations, the Howard Beach and 
Jamaica route stops at Federal Circle where the car rental and the shuttle buses to 
hotels and the airport's cargo areas are provided. Behind the Federal Circle station 
in the south direction, the routes share the common track of the length of 2.4 km 
and pass through a tunnel before separating into two tracks closing the passenger 
terminal loop of the length of 3.2 km. Both routes enable operations in a 
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counter-clockwise direction, stopping at each of the seven terminals in sequential 
order. In addition, the airport terminal circulator serves seven terminal stations by 
operating in the opposite direction to both Howard Beach and Jamaica route thus 
making the clockwise loop around the terminals. At terminal 5, the intermodal 
connections to three lines of the local buses are available (https://en.wikipedia.org/ 
wiki/AirTrain JFK). 

The guideways are underground, at grade, and elevated. The elevated guideways 
are continuously joined. In particular, the elevated structures are designed for re- 
sistance to minor seismic events, utilizing seismic isolation bearings protect from 
small earthquakes, and soundproof barriers to prevent noise impacts. The minimum 
width of the single elevated guideway is 5.87 m and the width of the dual elevated 
guideway is 9.45 m. The cylindrical pillars of 1.5—1.8 m in diameter at the distance 
of 12-34 m support the precast concrete elevated sections. The alignment of 
guideway is fully grade separated with 1573 m of dual track at grade (concrete tie 
and ballast), 606 m of dual track on retained fill, 250 m of dual track in retained cut, 
305 m of dual track in cut and cover tunnel, 10,194 m of single track on single 
track elevated structure (equivalent to 5097 m of dual track) and 5086 m of dual 
track on dual track elevated structure. In addition, the alignment of guideways has 
the tangent sections sufficiently long and with the radius curvature as low as 70 m 
to enable reaching the maximum operating speed of 97 km/h. АП 10 stations have 
the island platform layout. One exception is the station Federal Circle, which has 
the split platform layout (see also Fig. 4.30 in Chap. 4). The platforms are of the 
length of 73 m enabling simultaneously handling four train cars (each of the length 
of 17.6 m). The widths and heights of these platforms are designed to be com- 
patible with those of the LIRR and NYCT (New York City Transit) systems. The 
Jamaica and Howard Beach stations are designed as the AirTrain JFK system's 
begin/end stations enabling transferring the users/passengers from the subway and 
LIRR (The Long Island Rail Road) system, and vice versa. The vertical commu- 
nication for users/passengers within the stations is provided by elevators, escalators, 
and stairs, in combination with the moving walkways. On the street level, the zones 
for picking-up/dropping-off arriving or leaving users/passengers by car or taxi are 
provided (Judge 2003). In addition, the stations are equipped with the platform 
screen doors providing the passenger safety, climate control, and the safe operation 
of the self-driving trains. The maximum grade of the alignment is 5.3596. The 
stations are at the average distance of about 1.29 km. In case of an emergency, a 
control tower would enable the train to the next stop, where passengers would 
disembark. This is because there are no emergency exits between the stations 
(Englot and Bakas 2002; Bombardier 2016). 


6.4.2.2 Technical/Technological Performances 
The technical/technical components and their performances include the power 


supply system, rolling stock/vehicles, and the other vehicle/train and users/ 
passengers supporting facilities and equipment. 
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The AirTrain JFK system’s vehicles/trains are powered by LIMs [Liner 
Induction Motor(s)] requiring a reaction (third) rail located between the pair of 
running rails. The primary power of vehicles/trains is 750 V dc, the auxiliary power 
supply 450 V ac (alternate current), and low-voltage power supply 48 V dc. Each 
car has two LIMs [Linear Induction Motor(s)]. A vehicle/train composed of 1—4 
cars is a driverless vehicle individually operating along the lines at the maximum 
speed up to 97 km/h. Each car is 17.6 m long, 3.2 m wide, and 3.8 m height, with 
the seating capacity of 97 passengers with baggage (0.45 m?/pass) and 205 pas- 
sengers without it (0.185 m?/pass). However, the operating seating capacity of a car 
is usually 75—78 passengers because most passengers are expected to carry baggage 
(520.6 m?/pass). The car with empty weight of 24 tons has a pair of two doors at 
each side of the width of 3.18 m. The maximum operating speed of the vehicles/ 
trains is 97 km/h. The acceleration and deceleration service rate is 1.34—1.00 m/s”, 
respectively. The emergency breaking rate is 1.43 m/s”. Figure 6.5 shows the 
AirTrain JFK vehicle/train (Bombardier 2016). 

The vehicles/trains are controlled by a moving block signalling network. This 
implies that each section of the double-tracked lines/routes is divided into the signal 
sections whose length depends on the average operating speed of the vehicles/trains 
occupying them. In addition, the ATC (Automatic Train Control) enables trans- 
mission of the info about locations of the successive vehicles/trains to the central 
control hub located at a 4 ha-sized yard between close to the station Federal Circle. 
At the yard, the maintenance of vehicles/trains is also provided. Although the ATC 
is the main mode of operations, the system can be also operated manually in 
emergency situations. In addition, all stations are equipped with the dynamic dis- 
plays showing the real-time information of vehicle/train movements, CCTV 





Fig. 6.5 Vehicle/train of the  AirTrain JFK system (Bombardier 2016; http://www. 
ceramiassociates.com/2012/08/07/jfk-international-airport-airtrain/) 


6.4 An Example of Implemented Airport Landside Access System 377 


cameras, alarms, and emergency contact points, which are managed by the staff/ 
attendants. The vehicles/trains are free of the staff-conductors and/or drivers making 
it the operating staff. The staff is however engaged in monitoring of their operations 
from the central control hub/yard. 


6.4.2.3 Operational Performances 


The above-mentioned components enable the performances of AirTrain JFK system 
such as: (a) Infrastructure capacity, (b) Fleet size, (c) Quality of services, 
(d) Transport work, and (e) Technical productivity. 


(a) Infrastructure capacity 


In general, the minimum operating headway can be estimated as follows: fmin = 
Vmax /@ = (97/3.6)/1 ғ 275, where (Vmax) is the maximum operating speed of a 
vehicle/train (km/h), and (a) is the maximum deceleration rate (m/s?) (Bombardier 
2016). The minimum distance between successive vehicles 15: 
Amin = t2,,,/2 +a = (993.91/2 . 1) ғ 363 m. Consequently, the “ultimate” theoret- 
ical capacity of a guideway in the single direction is equal to: 
A = T /tmin = 3600/27 ~ 133.3 veh/h. However, according to the initial plans, the 
maximum transport service frequency of vehicles/trains to and from both 
above-mentioned Jamaica and Howard Beach station was: f = 30 veh/h, ie. a 
departure every 2 min during peak hours. The final environmental impact statement 
was planned for even higher frequencies of: f = 40 veh/h, or a departure every 90 s. 
Nevertheless, during the year 2014, the typical time interval between successive 
vehicles/trains operating in the same direction during the peak period (4.00—7.30 
am and 3.00-8.00 pm) was set up to be: fmin = 7-12 min (am—ante meridiem or 
before midday; pm—post meridiem or after midday). This gave the transport ser- 
vice frequency or the "practical" capacity of a guideway in the same direction of: 
f= 5-9 veh/h (PANY &NJ 2017). 


(b) Fleet size 
The fleet/rolling stock of AirTrain JFK system consists of 32 self-powered cars. 
(c) Quality of services 

The AirTrain JFK provides three types of services as follows: 


e Terminal Circulation service is dedicated to the CTA (Central Terminal Area) 
of JFK airport. During peak periods trains operate in the clockwise direction in 
the СТА to serve the six stations needed to serve all of the airline (seven) 
terminals in the CTA. The vehicles/trains take about 8 min to make a round trip 
(including 25 s per station), which gives the average speed of 3.2/(8/ 
60) = 24 km/h (see Fig. 6.3). 

e Howard Beach service begins and ends at the AirTrain's Howard Beach Station, 
which is integral with the new intermodal mezzanine being constructed over the 
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NYCT's Station at Howard Beach for the “A Train" serving Queens, Brooklyn 
and Manhattan. Trains departing from the AirTrain’s Howard Beach Station 
serve the Long Term/Employee Parking Lot Station, Federal Circle station (car 
rental area) and the seven CTA stations while running in the counter-clockwise 
direction. They take about 24 min for the entire cycle (including 25 s per sta- 
tion), which gives the average speed of 13.5/(24/60) ~ 34 km/h (see Fig. 6.3). 

e Jamaica service begins and ends at the AirTrain’s Jamaica Station, which is 
integral with the new intermodal Vertical Circulation Building (VCB) and 
mezzanine constructed over the LIRR (Long Island Rail Road) platforms in 
Jamaica with direct access to the NYCT Station for the E, J, and Z lines. Trains 
departing from this AirTrain’s Jamaica Station also serve the Federal Circle 
station (car rental area) and the seven CTA stations with trains running in the 
counter-clockwise direction. These trains alternately merge with the Howard 
Beach trains at Federal Circle. They take about 24 min for the entire cycle 
(including 25 s per station), which gives the average speed of 13.5/(24/ 
60) ~ 34 km/h (see Fig. 6.3). 


In addition, the above-mentioned minimum interarrival time of trains during 
peak hours of: fmin = 7-12 min, gives the average waiting time for a train of 3.5— 
6 min, respectively. As well, the average access time and price of the JFK airport 
from Midtown, Lower, and Upper Manhattan (NYC) by combination of subway/ 
metro and AirTrain JFK system are 50—60 min and $US7.75/user-passenger 
($US5.0 AirTrain entry/exit fee and the $2.75 subway fare per person). 


(d) Transport work 


If the seating capacity of the vehicle/train is: S = 97—05 pass/veh, the transport 
work along the line of the length of: AL ~ 6.9 (From Howard Bach Station to 
Terminal 5) is equal to: TW=f-S:-L=5-97-6.9 ғ 3347 pkm/h; and 
TW =f- S- L= 9 - 205 - 6.9 ғ 12731 pkm/h. 


(e) Technical productivity 


The technical productivity of the AirTrain JFK system, based on the average 
operating speed of: v= 64 km/h, can be estimated as follows: 
TP =f - S- v = 5.97.64 = 31040 pkm/h’; and 
TP =f - S- v = 9. 205 - 64 = 118080 pkm/h?. 


6.4.2.4 Economic Performances 


The economic performances of the AirTrain JFK system relate to their: (a) capital/ 
investment and (b) operating costs, and revenues. The total capital/investment costs 
of the system amounted $US1.88bn (billion). About 70% of this funding was from 
charging users/passengers, and the rest from the Port Authority of New York. The 
local or state tax money was not used. The fare was set up at $US5 per air passenger 
and a discounted $US30 per month per an airport employee and frequent fliers. At 


6.4 An Example of Implemented Airport Landside Access System 379 


the initial period, there was some subsidizing of the system operations. This implies 
that the average fare covered the operating costs equal or just below it. As well, 
price of accessing the JFK airport from Midtown, Lower, and Upper Manhattan 
(NYC) by combination of subway/metro and AirTrain JFK is $US7.75 per user/ 
passenger ($US5.00 AirTrain entry/exit fee and the $2.75 subway fare per person) 
(http://www.nycsubwayguide.com/subway/airports.aspx#jfk; Brecher and Nobbe 
2013). 


6.4.2.5 Environmental Performances 


The environmental performances of the subway/tramway and LRT systems are 
considered to be: (a) Energy consumption and emissions of GHG (Green House 
Gases) and (b) Land use. Only the possible impacts are considered without 
quantifying their costs as externalities. 


(a) Energy consumption and emissions of GHG (Green House Gases) 


The AirTrain JFK system consumes energy at an average rate of 0.706 kWh/p-km 
(two-car vehicle/train with 2.97 passengers on board operating at the maximum 
operating speed of 97 km/h). Since the average rate of emissions of GHG (CO;,) 
from the electricity production in ће U.S. is 436 g CO5,/kWh, the average emis- 
sion rate of GHG of AirTrain JFK system is: 0.0706 kWh/p-km - 436 g CO;/ 
kWh = 30.76 g CO5/p-km. At the same time, the average emission rate of a car is: 
270.632 g CO;,/p-km. For example, in the year 2016, ће AirTrain JFK system 
transported 7,432,018 passengers (see also Fig. 6.2). If both systems operated at the 
distance of 13.5 km, and if the car occupancy rate was: 1.5 pass/car, the AirTrain 
system emitted about 3086.2 ton CO>,/year, and the cars 18,102 ton CO>,/year. 
This implies that the  AirTrain system contributed to savings of: 
18,102 — 3086.2 = 15,015.8 ton СО,„/уеаг (2016) (see also Exercise E. 10 in 
Chap. 5). 


(b) Land use 


The land use of the AirTrain JFK system includes the area for building stations and 
the area (hypothetically) for building guideways (not including other structures for 
locating supporting facilities and equipment). For the stations, acquisition of some 
properties owned by the State of New York, New York State agencies or public 
authorities, the City of New York, and private entities has been needed. For the 
guideways, the minimum area of land used was about 9.5 ha (hectares) if the 
guideways would be completely positioned on the ground. However, since they are 
all elevated structures, this information could be used only for the informative 
purposes. In addition, the area of land taken for storing and maintaining the rolling 
stock—vehicles/trains—is about 4.5 ha. 


380 6 Planning and Design of the Airport Landside ... 
6.4.2.6 Social Performances 


The social performances of the streetcar/tramway and LRT systems include: 
(a) noise, (b) congestion, and (c) traffic incidents/accidents (safety). In the given 
context, only direct impacts from the sources are considered without quantifying 
their costs as externalities. 


(a) Noise 


The Air/Train JFK vehicles/trains consist of 1—4 cars operating at an average speed 
of 64 km/h and the maximum speed of 97 km/h. In general, their noise increases 
with increasing of the operating speed. In both planning and operational phase, the 
measurements have shown that the noise of vehicles/trains passing-by at the 
maximum speed of 97 km/h at the distance of 15 m has been 75 dBA. The 
equivalent noise level has been between 60 and 75 dBA Lan. At this distance 
(15 m) from the guideways with passing-by vehicles/trains, there has not been any 
exposed population. In addition, this noise has been mitigated by the noise barriers 
positioned along the entire length of guideways (PANY &NJ 1997). 


(b) Congestion 


The AirTrain JFK system is free of congestion. However, by shifting users/ 
passengers from private cars, the system has contributed to mitigating the road 
congestion along highways to/from JFK airport. 


(c) Traffic incidents/accidents (safety) 


Availability of the AirTrain JFK has been expected to be 98.5%. Removal of 
disabled train(s) and restoring the full services has been planned to be 45 min 
including rerouting the vehicles/trains along any guideways by ATC (Automatic 
Train Control). Generally, the system has not been free of accidents but not also 
from incidents. The incidents have included felling the vehicle/train's doors in the 
year 2009, a power outage caused trains to lose power for a few hours and the 
temporary shutdown of AirTrain service in the year 2012, shutting down the system 
for a short time, and temporarily suspension after a track fire in the year 2017 
(https://en.wikipedia.org/wiki/AirTrain/). 


6.5 An Example of Planned and Designed Airport 
Landside Access System 


6.5.1 Background 


An example of planning and design of the new airport landside access system 
relates to the rail-based system—LRRT (Light Rail Rapid Transit) considered to 
serve the accessibility to a large international airport—in this case Amsterdam 


6.5 An Example of Planned and Designed Airport Landside Access System 381 


Schiphol Airport (The Netherlands). As mentioned in Chap. 4, the LRT (Light Rail 
Transit) or its faster version LRRT (Light Rail Rapid Transit) system may have 
different definitions. One of these is that it is an electric railway system with a "light 
volume" passengers' capacity as compared to the regional/intercity conventional 
rail system. It may use shared or exclusive ROW (right-of-way), high or low 
boarding/off-boarding passenger platforms, and the multi- and/or single-car train 
sets (ERRAC 2004). 

For example, the LRT systems have been operated as the landside access sys- 
tems at two US airports—Baltimore/Washington (Baltimore) and Lambert (St 
Louis) (De Neufville and Odoni 2005). The Baltimore/Washington Airport is 
located about 17 km from the downtown Baltimore and about 51 km from the 
centre of Washington, D.C. The former area around the city has population of 5.6 
million, and the latter area has the population of 4.2 million. In the year 2008, the 
airport served 20.2 million passengers of which about 34% were O&D (Origin and 
Destination) passengers. The airport has a variety of the ground access landside 
modes and g systems and related services. One of these is the LRT system con- 
necting the international air terminal to the downtown area of Baltimore City. 
During the day, from 8:00 am to 11:00 pm, the services are scheduled every 
30 min. Each service takes about 23 min to reach CBD (Central Business District) 
or the downtown of Baltimore, and vice versa, which regarding the distance of 
17 km gives an average commercial speed of about 44 km/h. Nevertheless, the 
market share of LRT system is well under 1%, while the total share of public 
transport systems amounts about 12%. The main influencing factor is use of public 
transport, both bus and rail, to access more distant downtown of Washington, D.C. 
In addition, the LRT system is not exclusively dedicated to serve the airport users 
but also the other commuters in the area (De Neufville and Odoni 2005; TRB 
2008a; http://www.bwiairport.com). 

The Lambert-St. Louis International Airport (USA) is located about 21 km from 
the centre of St. Louis (population about 2.6 million). In the year 2008, the airport 
served about 14.5 million passengers of which about 34% were O&D passengers. 
The airport is connected by the LRT system to the St. Louis downtown (Red Line). 
There are two LRT stations at the airport. The first one is integrated into the 
airport's main terminal, thus enabling users to access the system under the “com- 
mon roof". The second station serves passengers from the east terminal predomi- 
nantly travelling by Southwest Airlines. The LRT services depart and arrive at the 
airport every 20 min between 8:00 ат and 11:000 pm during the day. 
Consequently, the average commercial speed of service is about 57 km/h. The 
market share of public transport in the airport access amounts about 696 of which 
396 is carried by the LRT and the rest by bus/van system. Some estimates indicate 
that the LRT system operational cost amounts about 0.10 €/p-km and the total cost 
0.39 €/p-km. Similarly as in the case of Baltimore/Washington airport, this LRT 
system is not dedicated to exclusively serve the airport users/air passengers but also 
the other commuters in the St. Louis area (De Neufville, and Odoni 2005; TRB 
2008a, b; http://www.metrostlouis.org). At most European airports, the LRT 
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systems have not existed. Instead, as mentioned in Chaps. 2 and 4, at the large 
airports the regional/intercity conventional and HSR rail systems have been used 
(ERRAC 2004). 


6.5.2 Performances of the New LRRT System 


Similarly as any other airport road- and rail-based airport landside access systems, 
performances of the new LRRT system can be categorized as: (a) infrastructural; 
(b) technical/technological; (c) operational; (d) economic; (e) environmental; and 
(f) social performances (Janić 201 1a, b). 


6.5.2.1 Infrastructural Performances 


The infrastructural performances of the LRRT operating as an airport landside 
access system imply the spatial layout of its line (network) and the required space 
(area of land). The LRRT could operate either as dedicated or non-dedicated ROW 
system. In the former case, the system would serve exclusively the airport users in 
the wider sense, such as air passengers, airport employees, senders, greeters, and 
other visitors, whose origins and destinations are at the airport and in the CBD or 
downtown of the airport catchment area. In such case, the LRRT stations/terminals 
with platforms enabling boarding/off-boarding passengers would be located only at 
both ends of the line, i.e. at the airport and in the CBD (i.e. there would not be the 
intermediate stops along the line). In such case, the system would not serve com- 
muters travelling between places along the line, as in the above-mentioned case of 
two US airports. In the airport catchment area, i.e. CBD, the system would be easily 
accessible by car/taxi and/or by some other urban public transport system. 

Typically, the single LRRT line rather than the network of lines covering the 
distance between the initial and the end station would connect a given airport to its 
catchment area (i.e. CBD). Typical (minimum) width of the corridor for locating a 
double track line respecting the LRRT vehicle's dynamic envelope would be about 
7.5 m (see also Chap. 4). In the case if there were the intermediate stops along the 
line, the area of the stops’ platforms would typically amount from 12 · 50 т 
(surface) to 20 · 90 m (grade separated). The spacing of these stops would be 
between 350 m and 800 m (CE 2008; Vuchic 2005). In general, the total area of 
land taken for the LRRT line (A) including the area of the intermediate stops can be 
estimated as: 


A=L-7.5+n-P (6.1) 


6.5 An Example of Planned and Designed Airport Landside Access System 383 


where 


L is the length of line (km); 
n is the number of stops along the line; and 
P is the area of each stop (m5). 


The track gauge would be the standard 1435 mm. The minimum curve radius 
would be 35 m of the yard track and 35 m along the main line. The vertical curve 
radius would be 500 m and the absolute maximum operating grade 696 (see also 
Chap. 4). 


6.5.2.2 Technical/Technological Performances 


The technical/technological performances of the LRRT system relate to the design 
and operational characteristics of the LRRT vehicles. In such context, the LRRT 
U2S Frankfurt (S70) train could be considered as the representative one with the 
following characteristics (CE 2008; STSI 2008; Vuchic 2005): 


(a) Dimensions 


The dimensions of LRRT system vehicle/train are as follows: length: 24.2 m; 
width: 2.78 m; and height: 4.0—6.9 m (including pantograph). This train is suitable 
for the passengers boarding/off-boarding over the high platforms, which makes it 
also convenient for operations as the airport access system. 


(b) Space capacity and weight 


Empty vehicle: 32.6 t 

Empty vehicle + driver + 65 seats: 37.0 t 
Empty vehicle + driver + 161 spaces: 43.6 t 
Empty vehicle + driver + 211 spaces: 43.6 t 
Empty vehicle + driver + 259 spaces: 50.3 t 


Since each vehicle has six axes, the average axial load of the vehicle of capacity 
of 160 spaces (43.6 t) is, for example, 7.27 t/axis and that of the heaviest one 
(50.3 t) 8.33 t/axis (t—ton). In addition, some dedicated space inside the vehicles 
for storing passenger baggage would also need to be provided. 


(c) Power 


Each vehicle is driven by the electric motors, each using the power of 600-750 V 
DC, and with 1200 RPM. The average energy intensity varies between 1.6 and 
5.1 kWh/veh-km. 
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6.5.2.3 Operational Performances 


The operational performances of the LRRT system include moving characteristics 
of the individual vehicles/trains, and the characteristics of transport service fre- 
quency along a given LRRT line: 


(a) The individual vehicle's moving characteristics 


() Speed: The maximum design speed: 80 km/h; the maximum operating speed: 

70 km/h; 

(ii) Composition of a vehicle/train: Regarding the above-mentioned dimensions 
of platforms at the stops, the two-car vehicle/train of the length of about 
50 m appears to be suitable train configuration. 

(iii) Acceleration/deceleration rate: 1.32 m/s? 

(iv) Breaking rates: Normal: 1.3 m/s”; emergency: 2.70 m/s? 

(v) Jerk limit (changes in acceleration and deceleration): 1.30 m/s? 


(b) Transport service frequency along the line 


The transport service frequency along the line would usually be performed, 
depending on the volumes, intensity, and time pattern of passenger demand, in the 
constant time intervals of one, half, or quarter of an hour, or even in 10-min time 
spots. The above-mentioned service frequency prevails during the day. During the 
night, services would be much rear or completely off. In most cases, punctuality of 
particular services under regular operating conditions is expected to be relatively 
high, usually over 9596, while time deviations from the schedule at the beginning 
and at the end station are relatively small, in the range of couple of minutes. Such 
operational pattern maximally adapted to the prospective demand seems promising 
for making the LRRT system competitive to other ground access systems serving a 
given airport (De Neufville and Odoni 2005). 


6.5.2.4 Economic Performances 


The economic performances of the LRRT system operating as the airport ground 
access system relate to its investments, operating costs, and revenues. These appear 
relevant while planning, design, and evaluation of the system as an alternative to the 
other systems either in the planning or during the operating phase. Usually, both 
categories of costs are expressed per unit of the system output, such as veh-km, 
s-km, and/or p-km. Some examples on these characteristics in Europe and the USA 
are given in Chap. 4 (Garrett 2004; Tegner 2004). 
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6.5.2.5 Environmental Performances 


The environmental performances of the LRRT system operating as an airport 
landside access system would mainly include the impacts, such as energy con- 
sumption and related emissions of GHG (greenhouse gases) and land use, and their 
costs considered as externalities. 


(a) Energy consumption and emissions of GHG 


The LRRT system consumes electric energy, which can be obtained from different 
renewable and non-renewable sources. Usually, this is a combination of sources 
differentiating across particular countries. Anyway, using the renewable sources 
would be more preferable from this perspective. The energy intensity, i.e. the rate of 
consumption of electric energy, is as mentioned above: 1.6-5.1 kWh/veh-km 
depending on the operating regime (see also Chap. 4). 

The LRRT system does not emit GHG directly, which in addition to the local air 
pollution would contribute to global warming in the long term. However, emissions 
of GHG from the production of electricity used by the system should be taken into 
account. In such context, this pollution is directly proportional to the electricity 
consumption by the system and the emission rates from sources of the electricity 
production. 


(b) Land use 


The land use has been considered in the scope of the infrastructural dimension of 
the LRRT system performance. However, if the monetary values are put on the land 
used by the system instead of some other activities, the land use as an externality in 
this case can be considered. 


6.5.2.6 Social Performances 


The social performances of the LRRT system operating as an airport landside 
access system include the impacts, such as noise, congestion, and traffic incidents/ 
accidents (i.e. safety). If the prospective damage by these impacts was monetized, 
these could be considered as externalities. 


(a) Noise 


The LRRT vehicles/trains similarly as the vehicles operated by the other transport 
systems generate noise, whose level in this case would depend on the vehicles’ 
speed and the distance between the passing-by vehicles as the sources of noise and 
the potentially affected observers as shown in Fig. 6.6. 

As can be seen, the exterior noise is higher than the interior noise as expected. In 
addition, both increase approximately linearly with increasing of the vehicle/train 
operating speed. For comparison, the urban and suburban buses running at the 
speed of about 70 km/h generate the external noise of about 87.5—92.5 dB at the 
distance of about 5 m from the source (see also Chap. 3). 
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Fig. 6.6 Dependence of the noise on the speed of the LRRT system(s) (CE 2008) 


(b) Congestion 


The proposed LRRT system is assumed to be free of congestion thanks to operation 
on the ROW separated from the other transport modes and their systems. 


(c) Traffic incidents/accidents (safety) 


The LRRT as an airport ground access system should be designed and operated to 
be absolutely safe. This implies that there should not be incidents and accidents 
causing damages of properties, injuries, and losses of lives due to the already 
known reasons (see Figs. 4.22 and 4.23 in Chap. 4). 


6.5.3 Methodology for Assessing Feasibility of the LRRT 
System as an Airport Access System 


6.5.3.1 Background 


In the planning and design stage, expansion of the airport airside and landside 
infrastructure capacity in order to support traffic growth has usually been the subject 
of evaluation from both the economic, environmental, and social perspective. This 
has also related to the evaluation of the socio-economic feasibility of new airport 
ground access system(s) (De Neufville and Odoni 2005; Takase and Koyama 
2004). In principle, any such evaluation should include comparison of prospective 
benefits and related costs for the particular actors involved. In the case of LRRT 
system, the prospective benefits include: 
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e The system operator’s revenues; 
e Users’ benefits from savings of the door-to-door travel time; 
e Savings in the total impacts on the environment and society—externalities. 


The system operator’s benefits would mainly originate from charging users— 
passengers. In some cases, a part of the revenues would come from the local 
subsidies. The users’ benefits would usually include the cost of savings of time due 
to travelling at high speed by the LRRT, convenient frequency, and more efficient 
connectivity during the systems’ interchanges in CBD (catchment area). The local 
population and authorities could benefit from savings in externalities just thanks to 
implementing a given LRRT system. This implies balancing the reduced exter- 
nalities from the existing alternatives and those generated by the new one (the 
LRRT system). In general, the externalities would include the cost emissions of 
GHG, land use, noise, congestion, and traffic incidents/accidents. 

The total cost of implementing and operating given LRRT system would gen- 
erally consist of: 


e Capital/investment costs; 
e Operational costs; and 
e External costs (i.e. externalities). 


The capital/investment costs include spending for building the infrastructure line 
(or the network of lines), stops and stations/terminals, and interfaces, supporting 
facilities and equipment, and acquiring the rolling stock-vehicles/trains. These 
costs usually spread over the period of the capital investments, which in given case 
would be 25—30 years. 

The operational costs are those imposed by running transport services. In gen- 
eral, they include the costs of energy, labour, maintenance of infrastructure and 
rolling stock, and the cost of advertisement and administration. 

The externalities include the costs of emissions of GHG, land take, noise, 
congestion, and traffic incidents/accidents. The costs of land taken can also be 
included in the capital/investment costs, but the costs of disrupting landscape, local 
flora and fauna could be counted, as mentioned above, as externalities. In addition, 
the measurable effects to be taken into account could include savings in particular 
externalities from the other transport systems thanks to diverting, i.e. taking over, 
passenger demand from them. In addition, some non-measurable effects may 
include influence on the people's behaviour towards more intensive use of public 
transport systems, providing transportation for wider range of users regarding their 
personal income(s), stimulating further urban and airport development at both ends 
of the line(s), and generally diminishing relatively high and strong dependability on 
the individual car/taxi use (more intensively in the USA than in Europe). 
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6.5.3.2 Objectives and Assumptions 


The objectives of this chapter have to explain the processes of planning and design 
of an airport landside access system, in this case LRRT, develop the methodology 
for estimating its economic, environmental, and social feasibility, i.e. sustainability, 
under given conditions, and demonstrate the application of the proposed method- 
ology to the selected airport case. The process of planning and design is described 
above. The methodology for assessing sustainability of the LRRT system operating 
as an airport landside access system is based on the following assumptions: 


(a) Scenarios of the medium- to long-term development of the air passenger de- 
mand and related airport and other aviation employment at a given airport are 
given. The relative relationships between these two parameters are assumed to 
be stable over a given period of time. 

(b) The air passenger demand can be segmented into different categories with 
respect to their origins and destinations at the macroscale and the air trip 
purpose. The airport and other aviation employees as the potential users of the 
airport landside access systems have been segmented according to the region(s) 
in the airport’s catchment area they live. The relative shares of particular 
segments of air passengers as well as the airport and aviation employees have 
assumed constant during a given period of time. 

(c) In estimating the market shares of the particular existing and new airport 
landside access modes and their systems, the airport trip generation data rather 
than the disaggregate passenger survey data have are used. 

(d) The air passengers are assumed to be able to use each of the available airport 
access mode and its systems independently on the trip purpose—business, 
leisure, other. 

(e) Particular performances of the new and existing airport landside access systems 
influencing the users’ choice have assumed to be constant over a given period 
of time. 


The last two assumptions imply that the relationships between criteria for choice 
(i.e. users’ behaviour respecting their socio-economic characteristics) and the per- 
formances of particular airport access systems influencing a choice will not sig- 
nificantly change over a given period of time. The externalities from the particular 
airport landside access systems are estimated by taking into account the current and 
the short-term prospective impacts. This implies that the possible effects/impacts of 
introducing, for example, the road-based electric or liquid hydrogen-powered cars, 
vans, and buses are not explicitly taken into account. 


6.5.3.3 Structure of the Methodology 


The proposed methodology consists of the set of analytical models for estimating 
performances of the given LRRT system operating as an airport landside access 
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system according to the given “what-if” scenario(s) as follows: (a) models for 
estimating demand and capacity; (b) models for estimating revenues and costs; 
(c) models for estimating the impacts on the environment and society—externali- 
ties; and (d) models for estimating potential influence of the LRRT system on the 
total externalities of the airport landside access systems. These models have been 
applied to the period of capital investments of the given new LRRT system. 


(a) Models for estimating demand and capacity 
(i) Demand 


Demand for the new airport ground access LRRT system is assumed to consist 
mainly of the air passengers and airport employees. Estimating the current and future 
volumes of air passenger demand for planning and design of this system can be 
carried out by using the four-stage transport planning model. This includes gener- 
ation and attraction of passenger flows in the particular zones of the given region, 
distribution of these flows among these zones, modal split, and assignment of flows 
to particular links of the network of each transport mode. These flows could be 
further converted into the flows of vehicles used as input for planning and design of 
the related transport infrastructure. In the present case, there are two zones of 
originating and attracting passenger flows—the airport and its CBD (catchment 
area). This also implies that all relevant flows of the air passenger and some airport 
employees are distributed exclusively between these two zones. At the large airports 
with global influence on the regions they serve, estimating these flows for the 
purpose of planning and design of the new ground access system(s), particularly 
under conditions of the lack of relevant data, can be a rather complex task. 
Amsterdam Schiphol Airport (The Netherlands) is one of such airports in Europe. 
Figure 6.7 shows a possible procedure of analysis and forecasting of the relevant 
current and prospective air passenger demand for the airport landside access systems 
operating between the airport and the Amsterdam greater area (Janić 201 1a, b). 

As can be seen, the analysis and forecasting of this demand start with making a 
distinction between the air O&D and transit/transfer passengers. It divides further 
along two branches. The first relates to those air passengers being residents in the 
Netherlands, and particularly those residing in the Amsterdam greater area. These 
passengers are distinguished with respect to their trip purpose as business and 
leisure. The second branch relates to foreign air passengers with different trip 
purpose who start and finish their trips in the Amsterdam greater area. In both cases, 
the specific socio-economic factors such as population, GDP (Gross Domestic 
Product), and tourist attractiveness of the Amsterdam greater area as compared to 
the rest of the Netherlands play an important role. In general, the relative rela- 
tionship and influence of particular the above-mentioned demand/generating/ 
attracting factors at both regional and country level can be assumed to be relatively 
constant over time despite their changes in the absolute terms. Consequently, the 
relative proportions of particular categories of air passengers between two zones 
can also be assumed to be relatively constant during the observed future period of 
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Fig. 6.7 Procedure for analysing and forecasting passenger demand for the landside access 
systems at a given airport (Janić 2011a, b) 


time despite the overall volumes of airport passenger demand could change driven 
by the absolute changes of the particular demand-driving factors (forces). 

Figure 6.8 shows a procedure for analysing and forecasting of demand for the 
airport landside access systems generated by the airport and other aviation 
employees (Janić 2011a, b). 

In the given case, the potential demand for the new LRRT as well as for the other 
already existing airport ground access systems consists of the airport employees 
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residing in the Amsterdam area. Their proportion is assumed to be relatively 
constant over the observed future period of time despite changes in the total number 
of airport employees driven by changes in the volumes of airport passenger traffic. 
This also implies that the influencing factors on choice of the airport access systems 
by these people respecting the place where they live will remain constant during the 
Observed period too. In general, the total number of employees have shown to 
increase with increasing of the airport passenger volumes. 

In both cases, if the data on volumes of flows of both categories of prospective 
users of the airport ground access systems are available, they can be directly used 
for the further stages of planning and design of the new LRRT airport ground 
access system. 

The above-mentioned demand consisting of both categories of users is split 
among the available airport ground access systems. The market share of each 
system can be estimated by using the MNL (Multi-nomial Logit) or NL (Nested 
Logit) model (TRB 2008b). In such context, users of each category are assumed to 
behave uniformly (i.e. similarly) while making choice of the airport ground access 
system. Their choice is based on evaluation of the particular system's performances 
while taking into account own characteristics and the trip purpose. In any case, for 
particular categories of passengers and trip purpose, the utility function (U;(t)), 
which generally reflects the generalized cost of accessing a given airport by the 
particular landside access system as the alternative (i), needs to be estimated. The 
utility function (U,(t)) may have different forms adapted to the specificities of 
particular landside access systems. This function consists of the deterministic and 
stochastic part. The deterministic part is typically represented by a linear combi- 
nation of influencing factors on choice of the alternative—variables—with their 
associated model coefficients (TRB 2008b). One such example is as follows: 


U;(T) = о: + В, (Acces time) + f; (Schedule delay) 


6.2 
+ Вз (Па — vehicle time) + f, (Fare/Income) 24 


where 
o;, В; are the coefficients of the particular variables (j = 1,2, 3, 4). 


The variables as the factors of choice of the alternative (7) are self-explained. 
This estimation of the utility function in Eq. 6.2a can be carried out either by using 
the aggregated trip generation data or the disaggregate passenger survey data, both 
for a given period of time (т). Then, the probability of choosing the airport access 
system (i) as an alternative at time (т) can be estimated as follows (TRB 20082): 


eU (9 


YN ei) Sen) 
j- 


рт) = 
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where 
N is the number of airport landside access systems as alternatives. 


The number of passengers choosing the airport access system (i) during the 
period of time (т) can be estimated as follows: 


Qi(t) = pi(t) - Q(t) (6.3) 
where 


Q(t) is the total number of users of the available airport landside access systems 
during the period of time (t). 


(1) Capacity 


The main planning, design, and operational characteristic of the LRRT as the rail- 
based airport landside access system is its line “ultimate traffic” and transport 
capacity defined by the maximum number of transport units/trains and the maxi- 
mum number of passenger seats/spaces, respectively, which can pass through the 
fixed point of line (i.e. “reference location”) during a given period of time (t) 
(usually 1 h; h—hour) under conditions of constant demand for service (Vuchic 
2005). This capacity as the maximum service frequency can be estimated as 
follows: 


T 
[max (Hain: Нут) 





Jmax (t) = (6.4a) 


In the case of the satisfied demand (Q(t)) with specified load factor, this service 
frequency is as follows: 


f(T) = О(2) /[0(0) - S] (6.4b) 


where 


Himin is the minimum headway between successive train services along particular 
sections of the line (min); 

Hin iS the minimum station headway defined as the interarrival time of 
successive trains at the particular stations along the line (min); 

O(t) 15 the average load factor along the line during time (т); and 

S is the space capacity of a LRRT train (spaces/veh). 


In Eq. 6.4a, in the most cases Hymin > Hs/min, thus the station headway deter- 
mines the capacity of the line. Consequently, the line traffic capacity expressed by 
the maximum number of LRRT trains which can pass through a given “reference 
location" during a given period of time is estimated based on Eq. 6.4a as follows: 
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A(t) = fmax (T) (6.4c) 


The offered line transport capacity (Ло(т)), defined by the number of passenger 
spaces/seats, based on Eq. 6.4c can be estimated as follows(Janié 201 1a, b): 


Ao(t) = A(t) -S (6.4d) 


where 
S is the number of spaces at a LRRT vehicle/train. 


In addition, the size of the rolling stock/train fleet required to be engaged to 
operate along the line during time (т), based on Eq. 6.4c, is as follows (Janić 2011a, 
b): 


RF(t) = fmax(T) : To (6.4е) 


where 


то 15 the turnaround time of ће LRRT train along the line including the running 
time, and the stop times at the begin, intermediate stops, and the end stations/ 
terminals (min). 


(b) Models for estimating revenues and costs 
(i) Costs 


The total costs of operating the LRRT as the airport landside access system gen- 
erally consist of the capital/investment costs (С;) and operating costs (Co). For the 
period of 1 year, they can be estimated as follows (Janić 201 La, b): 


Ст = Ci + Co 2 А+2: 365. (т) cr (6.52) 


where 


A  isthe annual annuity paid for capital investments for both infrastructure and 
rolling stock ($US; €); 

Қт) is the average daily transport service frequency in a single direction during 
time (т) (т = 1 day) (dep/day); and 

cp аге the average costs per frequency (€/dep). 


In Eq. 6.5a, the transport service frequency (f) is set up to satisfy the expected 
demand given the trains’ space capacity and the average load factor. In addition, the 
costs (с) contain the above-mentioned cost components, which depend on the 
prices of inputs, such as material, labour, and energy. 
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(1) Revenues 


The total revenues from operating the system during the period of one year can be 
estimated as follows (Janić 201 1a, b): 


Rr = 365: qa(t) : F + SZ (6.5b) 


where 


qa(*) is the daily number of passengers using a given system (p/day) (p— 
passenger); 

F is the average fare/price of using a given system ($US or €/p); and 

SZ  isthe annual subsidizing of a given system (if carried out) ($US or €/year). 


In addition, the annual profitability of a given system can be estimated as the 
difference between the revenues (Eq. 6.5b) and costs (Eq. 6.5a). 


(c) Models for estimating impacts on the environment and society—externalities 


As mentioned above, the costs of impacts of the new LRRT system and other 
existing airport landside access systems on the environment and society (i.e. ex- 
ternalities) generally include that of the energy consumption and emissions of 
GHG, land use, noise, congestion, and traffic incidents/accidents. Each of these can 
be quantified for a given period of time as the product of the intensity of externality 
per unit of the system's output, the volume of the system's output. The perceived 
cost of the externality (А) generated by the access system (7) can be estimated as 
follows (Janić 2011a, b): 


Ceyik(t) = rik > Vi(t) + Cek (6.6) 


Tik is the rate (i.e. intensity) of generation of the externality (k) by the airport 
access system (i) (quantity per unit of output—p-km or s-km; p-km— 
passenger kilometres; s-km—seat kilometres); 

V(t) is the volume of output of a given airport access mode (i) during the period 
of time (t) (p-km or s-km per day, month, year); and 

Ce is the cost of externality (k) per unit quantity ($US or €/unit of generated 
externality). 


(d) Models for estimating the potential influence of the LRRT system on the total 
externalities of the airport landside access systems 


Depending on the relative value of its utility function (Eq. 6.2a), the LRTT system, 
after being implemented, may cause the modal shift between the airport landside 
access systems. This implies that it will take over some market share from the other 
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already systems. Let (MS;) and (M г) be the market shares of the system (7) before 


and after implementing the LRRT as the new system (i), respectively. Their dif- 
ference is defined as follows (Janić 201 1a, b): 


If AMS;/; > 0, the system (j) has lost some market share; otherwise, it has 
gained or maintained it unchanged. The number of users/passengers shifted from/to 
the system (j) because of the influence of the system (i) can be estimated as follows: 


AQ, = Qi- АМ5;, (6.7b) 


Consequently, a gain of the market share for the system (7) from all other modes 
can be estimated as follows: 


N 
AQ! = 5 AQ% (6.7c) 
j=l 
jzi 
where 


N is the number of airport landside access systems. 


The total externalities of the system (i) for a given period of time are estimated as 
follows: 


K 
E; = АО} Li rig Ck (6.7d) 


К=1 


where 


І; is the length of the line of the system (7) (km); and 
K is the number of different types of externalities. 


The other symbols are analogous to those in previous Equations. 


6.5.4 An Application of the Proposed Methodology 


6.5.4.1 Case of a Large Airport—Amsterdam Schiphol Airport 
(The Netherlands) 


The new LRRT (Light Rail Rapid Transit) system as an additional landside access 
system has been planned and designed to connect the Amsterdam Schiphol Airport 
to the Amsterdam greater area. In general, the new system was expected to increase 
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the capacity of the existing airport landside access systems, but in more environ- 
mentally friendly way as compared to the other, for example some road-based 
system alternatives. One of these latter alternatives would imply widening the roads 
to handle the expected increase in congestion, which has implicitly suggested 
continuous intensive use of the individual car/taxi systems independently on type of 
fuel, which would be used (SG 2007). The other has been increasing the capacity of 
the existing train and bus systems (lines/networks), and the former has already 
operated at the level of saturation of the line capacity. 

Thus, the new LRRT system has not meant to improve the spatial connectivity of 
the currently non-conveniently connected parts of the Amsterdam greater area, but 
mainly to contribute to improving and maintaining the required level of connec- 
tivity of the already well-connected parts of the area. Under such circumstances, the 
system has expected to be able to serve the sufficient demand thanks to being 
relatively easily accessible for the majority of prospective users in the most 
transparent and convenient way. In addition, such system was supposed to be able 
to support the future growth of the airport passenger demand and the related 
expansion of the passenger terminal capacity from currently 60—65 to the future 80— 
85 million passengers per year (by the year 2025—30) (SG 2008). As well, it could 
be considered as a component of the LRRT network if this would be built to 
improve the external and internal accessibility of the Randstad area (De Bruijn and 
Veeneman 2009; Hatch 2004; Јапіс 2011a, b; Kouwenhoven 2008; TRB 2000; 
Visser and Priemus 1995). In order to fulfil the above-mentioned objectives and 
expectations of the particular main actors/stakeholders involved, the new LRRT 
system should possess the performances close to those mentioned in the Sect. 6.5.2. 


6.5.4.2 Design of the LRRT System 


Design of the LRRT system in the given case relates to: (a) alignment and design of 
the line and (b) operations. 


(a) Alignment and design of the line 


The right-of-way double track line would be aligned almost parallel to the existing 
conventional rail line and or partially along the highways A10, A4 as shown in the 
simplified scheme in Fig. 6.9. It would begin at or near the Amsterdam Central 
Railway Station and end at the main airport passenger terminal. 

The begin station of the line can be integrated into the present layout of the rail 
central station, but with the separate platforms and tracks, not shared with that of 
the conventional rails. Since duration of the trips and their purposes have shown to 
strongly influence the quantity of baggage of air passengers and consequently 
choice of the airport ground access system(s), design for the organization of moving 
air passengers through the system including manipulation with their baggage has 
needed to be adequately specified. This has implied that at the central station, the 
LRRT part should be conveniently connected with the part of conventional rails in 
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Fig. 6.9 Scheme of possible alignment of the new LRRT line between the Amsterdam greater 
area and Amsterdam Schiphol Airport (Janić 201 1a, b) 








order to enable efficient and effective passage (i.e. intermodality) between the two 
systems. In case that the LRRT station would not be integrated into the central 
station, the convenient and efficient pathways between the two stations needed to be 
provided. In both cases, the LRRT station should have an efficient exit/entry as the 
beginning/end of the pathway to/from the neighbouring urban public transport 
systems (taxi, tram, bus, and the short-term car stopping/parking area). In addition, 
easy (automatic) ticketing for the LRRT services and the off-site in advance 
check-in services would be provided. This would require the additional space for 
installing the check-in counters and the related equipment such as the automatic 
baggage conveyer system. The check-in services would be provided in advance 
from 24 h to about 1.5 h before a given flight. Baggage would be transported to the 
airport by the LRRT trains equipped with the dedicated baggage compartments. 
The experience so far has shown that this off-site check-in system could be also 
economically feasible if operated by the railways or by the airport in question (TRB 
2008a). Both the airport and the dominant airline(s) such as SkyTeam and their 
partners could also organize this service. 

At the airport, the LRRT station/terminal could be either an underground or the 
surface construction. In the former case, it would consist of the platforms and 
tracks, again not shared with those of the conventional rails. However, passage to/ 
from the main airport passenger terminal would be possible by escalators and lifts, 
similarly as at the present conventional railways. The signs and guidance to/from 
the terminal arrival/departure hall should be transparent in order to enable efficient 
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movement of users. In the latter case, the LRRT station, if not integrated into the 
main terminal, should be located as close as possible to it, at the walking distance. 
In such case, connections to the main terminal would also be provided by moving 
walkways in order to make it as efficient as possible. This pathway would be 
designed as a closed space to protect users from a bad weather. If the LRRT station/ 
terminal would be located at a longer than the walking distance from the main 
airport terminal, the people mover system could be considered to provide the 
required efficiency of connectivity. However, this would need the additional 
interchange and consequently eventually diminish the attractiveness of the LRRT 
system for the air passengers. In any case, the airport employees using the LRRT 
system should be provided with a convenient passage to/from their working places 
independently on the system they use (walking, biking, local van/bus, etc.). At both 
ends of the line, there should be the possibilities for eventual extension. This would 
also relate to the intra-airport extension if an additional dislocated passenger ter- 
minal would be built (SG 2007). 

The length of line would be about 15 km. Consequently, construction of the 
LRRT as the right-of-way system with the above-mentioned characteristics would 
take the new land of at least 11.5 ha (see Eq. 6.1). 


(b) Operations 


The main operational characteristics of the new LRRT system, which would make it 
capable to eventually attract both air passengers and the airport employees, have 
been specified as follows: convenience of access, waiting time for service, travel 
time, punctuality, internal comfort, and price. Convenience of the accessibility 
downtown in the Amsterdam area has implied reaching the system’s station from 
the local origin by any means in about 15—20 min, and vice versa. 

Waiting for the LRRT service would depend on the transport service frequency, 
which would be every 10—15 min during the entire day. This has implied the 
average waiting time for departure of about 5-7.5 min. The capacity of the new 
LRRT vehicle (train set) would be 160—210 spaces (seats and standees) (STSI 
2008). The opportunity for air passengers for the advance check-in and delivering 
baggage could contribute to their higher in-vehicle comfort and more effective 
reaching the departure gate/flight at the airport. 

The travel time would be about 15 min, which has implied the average travel 
speed of 60 km/h of these dedicated non-stop services. Under the regular operating 
conditions, the punctuality of services would be maintained at the highest level, 
about 98-99%. Deviations from the schedule would be maximally allowed to be of 
order of couple of minutes. The stops at the begin and at the end station/terminal 
would be for about 2.5 min, which would enable the average turnaround time of a 
train set of about 35-40 min. Consequently, three to four LRRT train sets would be 
needed to simultaneously operate along the line. The price of service in a single 
direction would be comparable to that of the conventional rail, i.e. 3.5 €/p (p- 
passenger). 
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6.5.4.3 Analysis and Forecasting Demand for the LRRT System 


(a) The total airport passenger demand 


The above-mentioned operations of the new LRRT system could be feasible if there 
would be the sufficient demand consisting of both air passengers and airport 
employees. The number of air passengers was estimated using the procedures 
shown in Fig. 6.7. 

Figure 6.10 shows the past and one of the possible future scenarios of the 
long-term development of airport passenger demand. 

As can be seen, the total demand grew up to about 47 million passengers per 
year until the year 2008. About 30 million passengers of this total were carried out 
by SkyTeam alliance (KL M) and about 5.1 million by LCC [Low-Cost Carrier(s)]. 
In the year 2003/2004, the approximate structure of the air passengers regarding the 
trip purpose was: business 35%, leisure 4296, studies 396, visiting friends and 
relatives 1996, and others 196 (SG 2008). 

At the time of carrying out this forecast, the total passenger demand was 
assumed to continue to grow in the future, although at the lower annual rates, reach 
the annual level of about 80—85 million by the year 2030, and then remain at that 
level afterwards (the long-term average annual growth rate of the airport passenger 
demand was assumed to be about 2.5—3.596; after coming close to the saturation of 
the planned terminal complex capacity, these rates were assumed to decrease to 
about 0.25—1.096) (SG 2007). About 40-45% of these total volumes were assumed 
to be transit/transfer and the rest O&D passengers. If this proportion had remained 
relatively constant, the annual number of O&D passengers would have increased to 
about 35 million by the year 2030 and then further to 50 million by the year 2050. 
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Fig. 6.10 Past and possible future long-term development of the air passenger demand at 
Amsterdam Schiphol Airport (Period: 1940—2050) (Јапіс 2011a, b; SG 2003/2016) 
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This demand is supposed to be handled by the current annual passenger terminal 
capacity of 60-65 million, and its expansion latter appropriately. 

The above-mentioned forecast of passenger demand was based оп the 
assumption that the dominant airline alliance SkyTeam and its partner KLM would 
continue to bring traffic at the airport in the future similarly as they had done in the 
past. 


(b) The number of airport and other aviation employees 


Based on the above-mentioned analysis and forecasting of the air passenger de- 
mand, the daily number of airport employees, dependent on this demand for the 
period 1998—2050 was estimated based on Fig. 6.8 and shown in Fig. 6.11. 

As can be seen, the daily number of employees was supposed to increase linearly 
with increasing of the annual number of passengers handled over the past 10 years 
(1999-2008). It is assumed to continue to increase similarly in the future at an 
average rate of 1200 employees/1 million passengers handled. Consequently, if the 
airport labour productivity remains in the future at the level similar as at present, the 
number of daily employees would reach about 110 thousand at the annual level of 
passenger demand of about 80-85 million by the year 2025—2030. 


(c) The potential demand for the airport landside access systems 


The above-mentioned air passenger demand and the related number of airport 
employees were further split into the particular categories in order to obtain the total 
O&D demand in the Amsterdam greater area (see Figs. 6.10 and 6.11). At the first 
level, the air passengers were segmented into the residents and non-residents of the 
Netherlands. The former category of the air passengers shared about 3596. The 
proportion of these passengers residing in the Amsterdam area was estimated, 
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Fig. 6.11 Past and possible future long-term relationship between the daily number of employees 
and the air passenger demand at Amsterdam Schiphol Airport (Period: 1998-2050) (SG 2007, 
2003/2016; Janić 2011a, b) 
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independently on the trip purpose, according to the share of GDP (Gross Domestic 
Product) of the Amsterdam area in the national GDP (about 1296) (SN 2008). (In 
this case, GDP was considered as the main driving force of the air transport demand 
independently on the trip purpose.) The latter category of air passengers shared 
remaining 65%. The same criterion, i.e. GDP as the driving forces, was applied for 
estimating the proportion of foreign business passengers to/from the Amsterdam 
area. The proportion of foreign tourists arriving by air to the Amsterdam area was 
estimated directly from the relevant data (CA 20082). The proportion of foreign 
passengers visiting friends and relatives was estimated in accordance with the share 
of population of the Amsterdam greater area in the total country's population. 

The proportion of airport employees residing in the Amsterdam area was esti- 
mated directly from the relevant data (about 18—19% of the total assumed to slightly 
change for about 0.25-0.5% per year) (СА 2008b). 

Summing up the above-mentioned proportions has produced an estimation of the 
total proportion of the O&D air passengers and the airport employees residing in the 
Amsterdam greater area. Assuming that these proportions would remain relatively 
constant over the future period of time, the annual number of O&D passengers and 
airport employees for the area was estimated based on the forecasted total airport 
passenger demand over the observed period and shown in Fig. 6.12. In particular, 
the airport employees were assumed to commute to/from the airport in about 230 
working days during each year of the observed period (free days during the week 
and holidays were excluded). 

As can be seen, the number of prospective users of the airport ground access 
systems including the new LRRT system is expected to grow in proportion to the 
total airport passenger traffic. Consequently, the prospective annual number of trips 
by users of the airport ground access systems to/from the Amsterdam greater area 
could increase by the year 2030 to about 30 million consisting of about 20 million 
trips by the air passengers and about 10 million trips by the airport employees. 


(d) Prospective modal split—demand for the new LRRT system 


In general, the “what-if” scenario approach was applied for estimating the market 
shares of particular airport ground access systems. The trip generation data for each 
existing and the new system were used to estimate their utility function(s) repre- 
senting the perceived generalized travel cost for particular categories of users—the 
air passengers and the airport employees. The trip generation data method was 
applied assuming that at this stage, the planner seemed to be able to make more 
correct estimates, particularly, for the new system than the users who actually did 
not have experience with the currently non-existing system (LRRT). In order to 
maintain the internal consistency, the same method was applied to the existing 
systems. In both cases, the generalized costs were assumed to consist of the 
out-of-pocket cost of door-to-door travel time. The distinction between particular 
market segments in terms of the trip purpose was addressed through specifying the 
average value of time for the assumed mixture of business and leisure air passen- 
gers using the given system(s). The airport employees were considered as a rather 
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Fig. 6.12 Development of the user demand relevant for planning and design of the new LRRT 
system for Amsterdam Schiphol Airport (Janić 2011a, b) 


Table 6.1 Some characteristics of the landside access systems at Amsterdam Schiphol airport 
(Janié 2011a, b) 











Mode/ Access time | Frequency Distance In-vehicle Average fare/ 
System (min) (dep/h) (km) time (min) price (€/p) 
Car 0.46/km" 
Taxi 40-45 

Bus? 6.75 

Local 3.80 6.40 
rail 

LRRT 3.5 

















“Lines: 370, 198. 300. 310, 199. 197, 97,358, 192,195, 61, 188; Airport Shuttle (SG 2003/2016) 
PBased on the price of fuel of 1.35 ЄЛ (middle-class car) (litre) (p—passenger) 
(http://www.vecr.nl/) 


homogenous market segment with the same average value of time. The charac- 
teristics of particular systems relevant for estimating the generalized travel costs 
relevant for choice by both categories of users are given in Table 6.1. 

The access time for car and taxi embraces the time of walking to/from a vehicle 
and/or waiting for its arrival if taxi system was used, respectively, The access time 
of particular public transport systems includes the time from the residential location 
to the nearest station, and vice versa, and the time for passing platforms at the 
railway station(s). In this case, car/urban taxi and/or urban public transport systems 
—bus, tram, and/or metro—can be used. Alternatively, if convenient, biking and/or 
walking might be used. The departure frequency reflects the level of service of the 
existing access systems. The frequency of the LRRT was varied as the parameter 
while estimating the corresponding utility function. The travel distance was 
assumed to be approximately the same for all systems. In-vehicle time for the road- 
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based systems was assumed to take into account congestion. The current fares of 
public transport systems and the cost of using car were also specified. The average 
value of time of an air passenger independently on the trip purpose was adopted to 
be: 0.847 €/min while using car/taxi, and 0.707 €/min while using bus, local rail, 
and/or the LRRT system. This reflected the situation that the lower income trav- 
ellers and tourists might be inclined more to use public transport systems (TRB 
20082). In particular, users of public transport systems were assumed to equally 
weight their time while waiting for departure and travelling as well. The car users 
were assumed to be picked up and dropped off, thus with the negligible costs of 
parking at both ends of the route. In addition, the difference in costs of using car by 
the foreign users who might hire it and the domestic users as the car owners was not 
particularly considered. With slight modification, the performances of particular 
airport access systems in Table 6.1 were also used for estimating the utility func- 
tions for the airport employees. The modifications mainly included slightly reduced 
fares of the public transport services due to using different discounts and reduction 
in the in-vehicle time of car users, and the unified value of time across particular 
systems of 0.291 €/min based on the employees’ average salaries (SN 2008). The 
particular utility functions while using the particular airport ground access systems 
as alternatives in the given case were estimated by the modified SERAS (South East 
and East of England Regional Air Services Study) model and shown in Table 6.2 
(HGL 2002). 

When the MNL model in Eq. 6.2b was applied, the market share of taxi system 
in both cases given in Table 6.2 appeared negligible. This however did not cor- 
respond to reality since the taxi system possessed an average market share of about 
1096 (SG 2008). Nevertheless, the taxi system was exempted from the further 
consideration and the MNL model in Eq. 6.2b was again applied to the other 
systems—alternatives. At the new LRRT system, the hourly service frequency was 
varied as a parameter and the corresponding utility functions estimated. The results 
are shown in Fig. 6.13a, b. 

Specifically, Fig. 6.13a shows the market shares of particular airport landside 
access systems in dependence on the frequency of service of the new LRRT system 
for air passengers. As can be seen, without the LRRT, car would have the highest 
market share followed by the local rail and bus. By a modest introduction of the 
LRRT system (1—2 dep/h in one direction), the market shares of the existing modes 
would not change. However, after increasing the LRRT system's frequency above 

















Table 6.2 А Utility functions Utility function Air passengers Airport employees 
of the particular users of the 11795 ЖЕТ 
airport landside access Ucar TT 10. 
systems in the given example Сахі 20.701 45.460 
(Jani 2011a, b) Usus 14.729 11.984 
Utocatrait 12.361 11.060 
ULRRT 12.252" 11.220° 
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Fig. 6.13 Market shares of the particular airport landside access systems depending on the service 
frequency of ће LRRT system in the given example (Janić 2011a, b) 


2 dep/h, its markets share would start to increase on the account on its counterparts, 
whose market shares were decreasing rather substantively. In general, the absolute 
impact was the greatest on those systems with the already high market share (car, 
local rail), and vice versa. Figure 6.13b shows the market shares of the particular 
airport landside access systems in dependence on the frequency of service of the 
new LRRT system for the airport employees. As can be seen, without the LRRT 
system, the car again would have the greatest market share followed by that of the 
regional rail and bus. With introduction and increasing of the service frequency of 
LRRT system, it would gain the market share on the account of its counterparts 
losing it, similarly as in the above-mentioned case of the air passengers. 

Figure 6.14a, b shows the gains and losses of the relative market shares of 
particular airport landside access systems in dependence on the frequency of the 
new LRRT system serving the air passenger and the airport employees, respec- 
tively, in the given example. 
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Fig. 6.14 Change of the market share of the particular landside access systems depending on the 
frequency of service of the new ККТ system in the given example (Janić 201 1a, b) 


In particular, Fig. 6.14a shows that the gain of relative market share of the LRRT 
while serving air passengers could exceed 20%. At the same time, the car could lose 
about an equivalent proportion of its market share, followed by that of the local rail 
(about 1096 loss) and bus system (up to 5% loss). Figure 6.14b shows that the 
LRRT system could have relatively significant impact on the losses of relative 
market shares of its counterparts while serving the airport employees. However, its 
gains would be a bit less than in the case of air passengers (18% vs. 21.4% for the 
service frequency of: 4 dep/h). The loss of the relative market share of car would 
again be the highest followed by that of the local rail. 

As a result, the LRRT system with the operational and economic performance 
comparable and competitive to those of the existing airport landside access systems 
seemed to be able to cause a rather substantive modal shift in both market segments 
—that of air passengers and of airport employees. In general, it might affect the 
systems with presently higher market share such as car and the local rail. Anyway, 
it could contribute to an increased use of the public transport access systems, 
particularly the rail-based ones. 
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Fig. 6.15 Average load factor of the ККТ system over time depending on the space capacity of 
a vehicle/train in the given example (Janić 201 1a, b) 


6.5.4.4 Matching Capacity to Demand of the LRRT System 


As shown in Figs. 6.13 and 6.14, the LRRT system scheduled to operate at the 
average frequency of 4 dep/h could gain about 21.496 of the air passenger and 
about 18.1596 of the airport employee market segment. In this case, the LRRT 
vehicle/train could consist of vehicles/cars of the capacity of: 5 = 60 or 210 seats. 
Thus, the offered capacity in both directions of the line would be: 1280 and 
1680 seats/h, respectively. This capacity would be offered over 20 h during the day 
during each year of the observed future period. Consequently, by comparing the 
expected demand based on the above-mentioned shares of the LRRT system in the 
total corresponding demand in Fig. 6.12 and the offered space capacity, the average 
load factor would be as estimated and shown in Fig. 6.15. 

As can be seen, the average load factor would gradually increase with increasing 
of the volume of demand while maintaining the offered capacity constant during the 
Observed period. In addition, if the vehicles of lower seating capacity were used, the 
load factor would be higher in proportion to differences in this capacity, and vice 
versa. 


6.5.4.5 Externalities of the LRRT and Other Airport Ground Access 
Systems 


Externalities of the particular airport ground access systems were estimated using 
the existing and prospective data on the quantity and the external costs per unit of 
quantity of the particular impacts, i.e. externalities. 


(a) Noise generated by particular airport landside access systems including the 
LRRT system was already discussed (see Chaps. 3 and 4). 
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(b) Congestion was considered for the road-based car/taxi and public bus system. 
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The average level affecting car, taxi, and bus users during almost entire day was 
adopted to be 0.70 (Janić 2011a, b). This was mainly because the main high- 
ways A4 and A10 had, were, and would continue to be shared between the 
airport and the other users. Under such circumstances, the LRRT system with 
the capacity of 160 spaces and the service frequency of 4 dep/h could replace 
about 320 cars/taxis every hour, thus reducing the average delay of each car 
remaining on the road for about 1.25 min, and the delay of its user for about 
0.625 min (the average car occupancy rate was assumed to be 0.5). The local 
rail and the new LRRT system were considered to be free of congestion. 
Energy consumption and emissions of GHG by the cars/taxis and public buses 
were estimated by using the corresponding rates of fuel consumption, energy 
content, and the emission factors of the CO», (carbon dioxide equivalents). For 
the given average structure of cars/taxis and buses in terms of using particular 
type of fuel— gasoline, diesel, and natural gas—the average emission rates were 
estimated as follows: car—43.5 g CO;/s-km and bus—47.2 g CO /s-km (EC 
2009; SN 2004, 2008; УТТ 2004). For the LRRT system, the average emission 
rate of CO», was estimated using the average rate of the energy consumption by 
the LRRT trains and the emission factor of CO», from the electricity production 
in the Netherlands (this factor amounted 519 g CO./kWh) (EC 2009; Henry 
et al. 2009). Consequently, for the LRRT train of the capacity of 160 spaces 
consuming the electric energy at an average rate of 3.4 kWh/veh-km, the 
average emission rate of CO», was estimated to be: 10.91 g CO;/s-km (s— 
seat). 

The rate of road traffic incidents/accidents and related fatalities was varying 
but generally decreasing over time in the Netherlands. This national average 
rate of 47 fatalities/10° p-km in the year 2008 had been applied to the car/taxi 
and bus system, while the LRRT system was assumed to be free of accidents 
and related fatalities (SN 2008; Janić 201 1a, b). 

The average costs of particular impacts (i.e. externalities) were adopted to be 
as follows (CE Delft 2008; Janić 201 1a, b): For the road-based systems: noise 
—0.07 €ct/p-km; congestion—84.7 €ct/min for the air passengers and 
0.291 €ct/min for the airport employees (these were based on their value of 
time, respectively); for the energy consumption and emission of GHG— 
0.32 €ct/p-km; and for traffic incidents/accidents—0.97 €ct/p-km. For the 
local rail and LRRT system, the average unit costs of the particular impacts 
were assumed to be as follows: noise—0.14 €ct/p-km; congestion—0.04 €ct/ 
p-km; air pollution/climate change—0.05 €ct/p-km; and traffic accidents 
0.0 ct/p-km (ct—cent). In addition, the above-mentioned estimates of exter- 
nalities and their relative relationships were assumed to be constant during the 
observed (future) period of time. 
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6.5.4.6 The Prospective Environmental and Social Potential 
of the New LRRT System 


The prospective environmental and social potential, i.e. contribution to sustain- 
ability of the airport accessibility in the given case, of the new LRRT operating as 
the airport landside access system under the above-mentioned conditions was 
expressed in terms of savings of the externalities thanks to taking over the market 
share from the others and particularly the car/taxi system. In general, these savings 
were calculated as the differences between the externalities generated by the LRRT 
system and those vanished from the other systems just because of losing their 
market shares and consequent diminishing operations in the given context (see the 
model 6.72, 6.7d). In particular, these savings, if positive, could be counted as the 
benefits in the overall social-economic evaluation of the LRRT system, otherwise as 
the costs—externalities. They were from the above-mentioned energy consumption 
and emissions of GHG, noise, congestion, and traffic incidents/accidents. The land 
use was assumed to be considered in the scope of investments. The results in terms 
of the annual savings in noise and air pollution/climate change are shown in 
Fig. 6.16. 

As can be seen, both types of annual savings were of order of tents (noise) and 
hundreds (air pollution/climate change) of millions of €. In addition, they both 
would increase over time approximately in proportion to increasing of demand for 
the airport landside access systems depending on the growth of airport passenger 
demand and the related number of airport daily employees (see Fig. 6.11). As well, 
savings in the costs of emissions of GHG were for several times greater than those 
of noise. Nevertheless, in both cases, by gradual introducing of the quieter and less 
air-polluting electric cars and buses in the future, both savings would likely 
decrease in both absolute and relative terms including their differences as well. 
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Fig. 6.16 Savings in the emissions of GHG and in the noise externalities by the new LRRT 
system over time in the given example (Janić 201 la, b) 
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Fig. 6.17 Savings in the congestion and in the total externalities by the new LRRT system over 
time in the given example (Janić 2011a, b) 


Savings in the costs of traffic incidents/accidents would be negligibly lower than 
those of the other externalities mainly thanks to the above-mentioned rather low (or 
zero) rates of these incidents/accidents at all airport access systems. Figure 6.17 
shows the annual savings from reducing congestion and the total savings in all 
mentioned externalities over the observed time period. In this case, the marginal 
savings, i.e. those from the reduced congestion, were calculated for those users (air 
passengers and the airport employees) who would continue to use the car/taxi and 
bus system to access the airport. 

As can be seen, the annual savings in congestion externality would be ranging 
between about 3.5 x 10° and 60.0 x 10$ € during the observed period. They 
would increase over time due to increase in the number of less-affected remaining 
users of the car/taxi and bus systems, manly, as in the case of other externalities, 
thanks to the growth of the airport passenger demand and the related daily number 
of employees. 

The total savings would follow the similar trend due to the same reasons. 
However, as could be noticed they would be only slightly higher than the savings in 
congestion, thus indicating that savings in congestion could dominate in the total 
savings of all considered externalities (Chandler and Hoel 2004; Janić 201 1a, b). 

Consequently, the hypothesis on the environmental and social feasibility, i.e. 
sustainability, of the LRRT operating as the access system in the given context 
could be accepted. The LRRT system, in addition to the efficiency and quality of 
service offered to its prospective users—air passengers and the airport employees, 
seemed to be the environmentally and socially beneficial under given assumptions 
and circumstances. This would be mainly due to its contribution to relieving the 
road congestion and related costs and much less due to relieving the other types of 
externalities, such as noise, emissions of GHG, and (road) traffic incidents/acci- 
dents. Gradual introduction of the electric cars and buses would certainly diminish 
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the noise and make the emissions of GHG rather comparable to that of the LRRT 
system. Anyway, what remained growing would be congestion, which would be 
saved by the LRRT system proportionally. 


6.6 Summary 


Planning and design of the airport landside access modes and their systems have 
shown to be a rather complex process. In the given context, the already imple- 
mented system (AirTrain JFK, New York, USA) has been elaborated aiming just at 
indicating complexity of its planning, design, and implementation. This has been 
carried out by analysing and assessing the system’s infrastructural, technical/tech- 
nological, operational, economic, environmental, and social performances. 

In particular, planning and design have included setting up the new rail-based 
systems—LRRT (Light Rail Rapid Transit) aiming at serving the landside acces- 
sibility of a large international airport. The design has implied setting up a rather 
rough spatial alignment of a given LRRT line in the considered area and the pattern 
of the system's operations according to “what-if” scenario approach. The objectives 
have been to mitigate the existing environmental and social impacts of the existing 
landside access modes while providing the sufficient capacity for matching the 
future growing airport passenger demand, and consequently the demand by the 
airport and other aviation employees, greeters, senders, and visitors. For such a 
purpose, the elements/steps of the general transport planning and design process 
implicitly considering the airport access modes and their systems have been 
described. Specifically, planning and design of the new airport access system have 
been elaborated. The ingredients for the new LRRT system have been proposed 
though multidimensional examination of its performances under conditions of its 
operating under given “what-if” scenario. The considered performances have been 
infrastructural, technical/technological, operational, economic, environmental, and 
social. The analytical models of the indicators and measures of these performances 
have been developed and applied to the large international airport—Amsterdam 
Schiphol Airport (The Netherlands) after estimating its future—medium- to 
long-term—demand including air passengers, and the airport and other aviation 
employees. The results have indicated that the LRRT system could under given 
conditions contribute to the rather substantive saving in the externalities of all 
airport access modes and their systems such as emissions of GHG, noise, road 
congestion, and traffic incidents/accidents. 

The presented approach has generally suggested that in planning and design of 
the transport modes and their systems including those serving to the airport landside 
accessibility, the multidimensional examination of performances respecting the 
objectives and preferences of particular actors/stakeholders combined with selection 
of the appropriate methods/techniques could lead to some useful outcomes. These 
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could then be used in the further steps of evaluation and then preparing docu- 
mentation for implementation of the selected (generally preferred) alternative 
solution. 


6.7 Exercises 


6.1 Explain the terms “planning” and “design” of the airport landside access 
modes and their systems. 

6.2 What could be the main objectives of the planning and design process of 
the airport landside access modes and their systems? 

6.3 Which actors/stakeholders could be involved in this process of planning 
and design of the airport landside access modes and their systems? 

6.4 Specify and explain the main elements/steps of the transport planning 
process. 

6.5 Whatare the main characteristics of the evaluation and selection process 
of the airport landside access modes and their systems? 

6.6 Specify and explain the main methods and techniques to be prospec- 
tively used for evaluation of the airport access modes and their systems. 

6.7 Define the performances and their indicators and measures for the LRRT 
system in the given case. 

6.8 Explain the mutual relationships between particular performances and 
their indicators and measures of the LRRT system in the given case. 

6.9 Write and explain the analytical models (equations) of the indicators and 
measures of particular performances of the LRRT system in the given 
case. 

6.10 What are the categories/segments of demand to be considered in the 
planning and design of the airport landside access modes and their 
systems? 

6.11 Explain the process of analysing and forecasting the airport demand and 
the demand for the new LRRT system in the given case (per category/ 
segment of demand). 

6.12 Explain and write the analytical models (equations) of the utility func- 
tions of particular categories/segments of demand influencing their 
choice of the airport landside access modes and their systems. 

6.13 What are the models of choice of the airport landside access modes and 
their systems based on the assessed utility functions? 

6.14 Describe and specify the pattern of operations of the new LRRT system 
based on the volumes of particular categories/segments of demand 
attracted means by their utility functions used in the given model of 
choice of the transport mode/system. 
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6.15 Define the relevant externalities and the concept of their savings by 
introducing the new LRRT as the landside access mode in the given 
case. 

6.16 Discuss the results representing the savings in particular externalities in 
the given case/context. 

6.17 Evaluate the proposed approach in terms of the “pros” and “cons”, and 
propose the elements for eventual improvement. 
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